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When	  selecting	  a	  power	  system,	  the	  leading	  factors	  are	  typically	  cost	  and	  performance,	  
although	  there	  can	  be	  other	  factors	  which	  may	  be	  location/application	  specific	  such	  as	  
energy	  security/reliability	  and	  system	  complexity,	  flexibility,	  safety	  or	  control.	  	  
	  
Aboriginal	   family	   outstations	   located	   in	   the	   Thamarrurr	   area	   of	   Wadeye,	   Northern	  
Territory	  (NT),	  are	  currently	  powered	  by	  single	  diesel	  generators.	  The	  mechanical	  wear	  
and	  fuel	  efficiency	  consequences,	  which	  come	  from	  using	  a	  single	  generator	  on	  a	  widely	  
varying	  electrical	  load,	  add	  cost	  to	  the	  already	  high	  fuel	  expenditure.	  Along	  with	  the	  fuel	  
being	  noticeably	  more	  expensive	  than	  metropolitan	  prices,	  heavy	  rain	  events	  during	  the	  
wet	  season	  reportedly	  sometimes	  make	  fuel	  delivery	  by	  road	  unviable	  which	  can	  result	  
in	   lengthy	  power	  outages.	  For	  situations	  such	  as	   these,	   it	   can	  be	  economical	   to	  utilise	  
additional	  generators	  or	  a	  battery	  bank,	   to	  allow	  the	  generator(s)	  to	  operate	  closer	  to	  
their	  rated	  output,	  where	  fuel	  is	  utilised	  more	  efficiently	  and	  mechanical	  wear	  is	  more	  
gradual.	   Another	   option	   is	   to	   add	   alternative	   generation	   to	   the	   system	   such	   as	   a	  
photovoltaic	   array	   to	   reduce	   generator	   use	   and	   dependence,	   fuel	   consumption	   and	  
subsequently	  annual	  expenditure.	  
	  
This	  thesis	  details	  the	  design	  of	  a	  fenced	  photovoltaic	  array	  and	  a	  containerised	  power	  
system	  with	  batteries	   and	  diesel	   generation	   for	   the	  Yedderr	  Outstation	  near	  Wadeye,	  
NT.	  Performance	  modelling	  and	  analysis	  has	  shown	  that	  the	  proposed	  system	  would	  be	  
cleaner,	  more	   reliable	   and	   cheaper	   over	   the	   twenty	   five	   year	   life	   of	   the	   project	  when	  
compared	  to	   the	  current	  diesel-­‐only	  system.	   It	   is	  expected	   that	   the	  capital	  cost	  of	   this	  
system	  would	   be	   recovered	   within	   six	   to	   eight	   years	   of	   operation	   without	   grants	   or	  
subsidies.	   This	   makes	   the	   deployment	   of	   the	   system	   justifiable	   on	   economics	   alone,	  
without	   considering	   other	   advantages	   such	   as	   supply	   expansion,	   reliability	   and	   a	  
reduction	   of	   CO2	   emissions.	   By	   offering	   a	   containerised	   solution	   with	   online	  
connectivity,	   the	   system	   can	   be	   managed	   remotely	   by	   the	   system	   integrator,	   which	  
dissociates	  the	  customer	  from	  the	  added	  complexity	  of	  a	  hybrid	  system.	  	  
	  
The	  Yedderr	  Outstation	  has	  been	  selected	   for	   the	   initial	  design	   in	  part	  because	   it	  was	  
visited	  by	  representatives	  of	  Solari	  Energy	  Pty	  Ltd	  at	  the	  invitation	  of	  the	  Victoria	  Daly	  
Regional	   Council	   who	   govern	   the	   area.	   This	   thesis	   and	   embedded	   research	   has	   been	  
undertaken	  with	  and	  for	  Solari	  Energy	  Pty	  Ltd.	  It	  is	  expected	  that	  the	  design	  for	  Yederr	  
would	  require	  only	  minor	  modifications	   to	  become	  suitable	   for	  other	  Outstations.	  For	  
Yederr,	   the	   optimal	   design	   was	   found	   to	   be	   a	   22.68	   kWp	   PV	   array	   and	   a	   219	   kWh	  
battery	  bank.	  The	  system	  is	  backed	  up	  by	  a	  16	  kW	  diesel	  generator	  which	  is	  expected	  to	  
operate	  fewer	  than	  100	  hours	  each	  year.	  
	  
Research	   identified	   that	   diesel	   fuel	   prices	   in	   Australia	   are	   escalating	   faster	   than	  
inflation,	  while	  the	  costs	  of	  photovoltaic	  modules	  and	  batteries	  are	  declining	  rapidly	  as	  
a	   result	   of	   global	   research	   and	   development.	   Given	   these	   and	   other	   factors,	   it	   is	  
expected	  that	  the	  business	  case	  for	  deploying	  power	  systems	  like	  the	  one	  proposed	  in	  
this	  thesis,	  can	  only	  improve	  with	  time.	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A	  -­‐	  Amps	  
AC	  –	  Alternating	  Current	  
AIRAH	  –	  Australian	  Institute	  of	  Refrigeration,	  Air	  Conditioning	  and	  Heating	  
BGAN	  –	  Broadband	  Global	  Area	  Network	  
BOS	  –	  Balance	  of	  System	  
CAD	  –	  Computer	  Aided	  Design	  
CO2	  –	  Carbon	  Dioxide	  
DC	  –	  Direct	  Current	  
EER	  –	  Energy	  Efficiency	  Ratio	  	  
HOMER	  –	  Hybrid	  Optimization	  Model	  for	  Multiple	  Energy	  Resources	  
HVAC	  –	  Heating	  Ventilation	  and	  Air	  Conditioning	  	  
I	  –	  Current	  (usually	  Amps)	  
kW	  –	  Kilowatt	  unit	  
kWh	  –	  Kilowatt	  hour	  unit	  
kWp	  –	  Kilowatt	  peak	  power	  
LPS	  –	  Lightning	  Protection	  System	  
NPC	  –	  Net	  Present	  Cost	  
NPV	  –	  Net	  Present	  Value	  
NT	  –	  Northern	  Territory,	  Australia	  
MB	  -­‐	  Megabyte	  
MEN	  –	  Multiple	  Earthed	  Neutral	  
MW	  –	  Megawatt	  unit	  
MWh	  –	  Megawatt	  hour	  unit	  
O&M	  –	  Operation	  and	  Maintenance	  
Pty	  Ltd	  –	  Proprietary	  Limited	  	  
PU	  –	  Polyurethane	  Insulation	  
PV	  –	  Photovoltaic	  power	  module	  or	  array	  
RAPS	  –	  Remote	  Area	  Power	  Supply	  
SAPS	  –	  Stand	  Alone	  Power	  System	  
SPD	  –	  Surge	  Protection	  Device	  
STC	  –	  Small-­‐scale	  Technology	  Certificate	  
V	  -­‐	  Volts	  
VRLA	  –	  Valve	  Regulated	  Lead	  Acid	  
VSAT	  –	  Very	  Small	  Aperture	  Terminal	  
W	  –	  Watt	  unit	  
Wh	  –	  Watt	  hour	  unit	  
Wp	  –	  Watt	  peak	  power	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1 Introduction	  and	  Project	  Aim	  
	  
In	  2013,	  Jeremy	  Tranter	  and	  Doug	  Fletcher	  of	  Solari	  Energy	  Pty	  Ltd	  made	  a	  trip	  to	  the	  
Northern	  Territory	  where	  representatives	  from	  the	  Victoria	  Daly	  Regional	  Council	  took	  
them	   to	   several	   family	   outstations.	   The	   purpose	   of	   this	   trip	   was	   to	   investigate	   how	  
power	  supplies	  could	  be	  switched	  over	  to	  solar	  to	  improve	  reliability	  and	  to	  reduce	  the	  
high	   expenditure	   associated	   with	   diesel	   fuel	   and	   generator	   maintenance.	   A	   primary	  
concern	  of	  the	  council,	  was	  addressing	  theft	  and	  vandalism	  in	  the	  system	  design.	  	  
	  
The	   aim	   of	   this	   project	   is	   to	   improve	   power	   system	   reliability	   and	   affordability	   for	  
people	   living	   in	   remote	   places.	   This	   is	   to	   be	   achieved	   via	   the	   design	   of	   a	   three-­‐phase	  
PV/Diesel/Battery	   power	   system,	  with	   the	  majority	   of	   components	   installed	  within	   a	  
sturdy	   shipping	   container	   to	   reduce	   the	   risks	   of	   vandalism	   and	   theft.	   Shipping	  
containers	   were	   developed	   to	   economise	   goods	   transportation	   but	   their	   use	   also	  
reduces	  theft	  of	  and	  damage	  to	  goods,	  because	  they	  are	  lockable	  and	  manufactured	  with	  
weathered	  steel.	   [1]	  Due	  to	   their	  commonness,	   freight	  providers	  are	  well	  equipped	  to	  
handle	  shipping	  containers	  which	  makes	  them	  logistically	  simple	  to	  work	  with.	  
	  
The	   proposed	   design	   is	   based	   on	   a	   remote	   family	   outstation	   called	   Yederr	   which	   is	  
located	  near	  Wadeye	  in	  the	  Northern	  Territory	  and	  is	  home	  to	  about	  twenty	  people.	  It	  is	  
expected	  that	  the	  system	  proposed	  in	  this	  thesis	  would	  be	  superior	  to	  Yederr’s	  current	  
diesel-­‐only	  system	  in	  terms	  of	  long	  term	  costs	  and	  reliability.	  The	  challenges	  to	  address	  
with	  the	  proposed	  system,	  are	  greater	  complexity	  and	  capital	  cost.	  	  
	  
By	  containerising	  the	  system,	  the	  complexity	  is	  largely	  resolved	  for	  the	  customer	  prior	  
to	  commissioning.	  By	  implementing	  an	  online	  control	  and	  review	  platform,	  the	  systems	  
complexity	   and	   service	  needs	   can	  be	  managed	  by	   the	   system	   integrator	   remotely,	   for	  
the	  life	  of	  the	  project.	  	  
	  
In	   terms	  of	   the	  high	   capital	   cost,	   it	   is	   expected	   that	  by	  demonstrating	   the	   low	  annual	  
costs	   the	   proposed	   system	   would	   have	   compared	   to	   a	   diesel-­‐only	   system,	   financing	  
would	   be	   obtained	   relatively	   easily	   by	   the	   customer.	   It	   is	   also	   possible	   government	  
grants	   and	   subsidies	   could	   be	   sought	   to	   aid	   the	   delivery	   of	   these	   systems.	   In	   cases	  
where	  utilities	  are,	  or	  would	  become	  responsible	  for	  remote	  power	  supplies,	  they	  may	  
wish	   to	   utilise	   this	   proposed	   system	   in	   place	   of	   alternatives	   such	   as	   long	   distance	  
transmission,	  if	  doing	  so	  would	  be	  cheaper	  and/or	  more	  reliable.	  
	  
Along	  with	  improving	  power	  supplies	  for	  people	  living	  in	  remote	  places,	  the	  secondary	  
aim	   of	   this	   project	   is	   to	   reduce	   CO2	   emissions	   from	   remote	   power	   applications	   by	  
replacing	  fossil	  fuel	  dependent	  supplies	  with	  renewable	  energy	  generation.	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2 Stakeholder	  Engagement	  &	  Review	  of	  Existing	  Information	  
	  
There	  were	  several	  emails	  exchanged	  with	  representatives	  of	  the	  Victoria	  Daly	  Regional	  
Council	   both	   before	   and	   after	   the	   trip,	   including	  with	   Paul	   Costa,	   “Infrastructure	   and	  
Construction	   Foreman”,	   Chris	   Rollinson	   “Outstation	   Program	   Officer”,	   Katherine	   Lu	  
“Civil	   Service	  Administration	  Officer”,	   Peter	   Curwen-­‐Walker	   “Shire	   Service	  Manager	   –	  
Wadeye”	  and	  Tony	  Harris	  “Acting	  Housing	  Manager”.	  Along	  with	  notes	  and	  photographs	  
taken	  by	   Jeremy	  Tranter,	   these	   emails	  provided	  key	   information	  used	   for	   subsequent	  
sections,	  some	  of	  which	  is	  summarised	  in	  Table	  1	  -­‐	  Summary	  of	  Existing	  Information.	  	  
	  
While	  there	  are	  many	  family	  outstations	  within	  the	  area	  governed	  by	  the	  council,	  only	  a	  
few	  were	   visited	   by	   Solari	   Energy.	   The	   Yederr	   Family	  Outstation	  was	   selected	   as	   the	  
design	   case	   for	   this	   thesis,	   because	   their	   energy	   use	   was	   greater	   than	   that	   of	   other	  
stations	  which	  Solari	  Energy	  visited	  and	  the	  residents	  expressed	  particular	  enthusiasm	  
for	  an	  upgrade,	  which	  they	  indicated	  should	  include	  street	  lighting.	  	  
	  
Table	  1	  -­‐	  Summary	  of	  Existing	  Information	  
Site	  Name	   Yederr	  Family	  Outstation	  
Population	   Less	  than	  20	  people	  
Expected	  Load	   50	  -­‐	  80	  kWh/day	  
Current	  Power	  Supply	   16	  kW	  diesel	  generator	  
Observed	  Fuel	  Cost	   $2.7/L	  
Maintenance	  Cost	   $17,740/yr	  ($2.05/operating	  hour)	  
	  
2.1 System	  Vulnerability	  
One	   of	   the	   key	   concerns	   expressed	   by	   the	   council,	   was	   that	   in	   the	   past,	   power	  
equipment	  had	  been	  vandalised	  and	   stolen.	  The	   suggestion	  was	   that	   any	   system	   they	  
would	  consider	  adopting	  should	  address	   these	   threats.	  Mr	  Tranter	   took	  photos	  of	   the	  
power	  system	  vandalism	  that	  he	  witnessed.	  Two	  of	  these	  photos	  are	  presented	  in	  Figure	  
1	   -­‐	   Fossil	   Head	   Outstation,	   Vandalised	   Photovoltaic	   Panel	   and	   Figure	   2	   -­‐	   Fossil	   Head	  
Outstation,	  Vandalised	  Battery	  Bank.	  Research	  into	  crime	  statistics	  in	  the	  Wadeye	  area,	  
confirmed	  the	  client’s	  documented	  concerns	  that	  equipment	  would	  be	  generally	  at	  high-­‐
risk	  to	  vandalism	  and	  theft.	  [2]	  [3]	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Figure	  1	  -­‐	  Fossil	  Head	  Outstation,	  Vandalised	  Photovoltaic	  Panel	  [4]	  
	  
	  
Figure	  2	  -­‐	  Fossil	  Head	  Outstation,	  Vandalised	  Battery	  Bank	  [4]	  
2.2 Yederr	  Family	  Outstation	  
The	  locations	  of	  Yederr	  and	  twenty	  five	  other	  Family	  Outstations	  are	  visible	  on	  a	  map	  
supplied	  by	  the	  client	  (see	  Appendix	  1	  –	  Regional	  Map).	  Photographs	  of	  Yederr	  taken	  by	  
Mr	  Tranter	  are	  provided	  in:	  	  
	  
Figure	  3	  -­‐	  Yederr	  Station,	  Power	  Lines	  from	  Generator,	  	  
Figure	  4	  -­‐	  Yederr	  Station,	  Power	  Lines	  to	  Dwellings,	  	  
Figure	  5	  -­‐	  Yederr	  Station,	  Small	  House,	  	  
Figure	  6	  -­‐	  Yederr	  Station,	  Large	  House	  and	  	  
Figure	  7	  -­‐	  Yederr	  Station,	  Overview.	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Figure	  3	  -­‐	  Yederr	  Station,	  Power	  Lines	  from	  Generator	  [4]	  
	  
	  
Figure	  4	  -­‐	  Yederr	  Station,	  Power	  Lines	  to	  Dwellings	  [4]	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Figure	  5	  -­‐	  Yederr	  Station,	  Small	  House	  [4]	  
	  
	  
Figure	  6	  -­‐	  Yederr	  Station,	  Large	  House	  [4]	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Figure	  7	  -­‐	  Yederr	  Station,	  Overview	  [4]	  
3 Market	  Analysis	  &	  Diesel	  Price	  Research	  
	  
Research	   into	   competitor	   products	   successfully	   integrated/offered	   was	   done	  
predominantly	  to	  seek	  out	  proof	  of	  concept.	  This	  project	  is	  not	  expected	  to	  go	  to	  tender	  
or	   involve	   intellectual	   property.	   Research	   revealed	   many	   companies	   offering	  
containerised	   storage,	   though	   these	   products	   did	   not	   typically	   include	   generators	   or	  
inverters.	   Two	   examples	   are	   on	   offer	   from	   Magellan	   power	   [5]	   and	   Hyundai.	   [6]	   A	  
containerised	  system	  utilising	  similar	  components	  is	  available	  from	  BonTech,	  although	  
the	  intention	  of	  the	  container	  appears	  to	  be	  convenience	  rather	  than	  security,	  since	  the	  
fuel	   tank	   is	   exposed	   and	   vulnerable.	   [7]	   A	   more	   comparable	   project	   which	   was	  
commisioned	  by	  “Energy	  Made	  Clean”,	  is	  the	  Minderoo	  South	  Hybrid	  System,	  [8]	  though	  
the	   project	   which	   is	   by	   far	   the	   most	   comparable,	   is	   the	   Muswellbrook	   NSW	   Solar	  
Storage	  project	  which	  was	  launched	  by	  Photon	  Energy	  in	  November	  2014.	  The	  Photon	  
Energy	  project	   uses	  many	   of	   the	   same	   components	   and	  brands,	   and	   so	   demonstrates	  
proof	  of	  concept	  and	  gratifies	  much	  of	  the	  selection	  process	  used	  in	  this	  thesis.	  [9]	  [10]	  
3.1 Wholesale	  Price	  for	  Diesel	  Generator	  
Large	  wholesale	  supplier	  Genelite	  supplied	  quotes	  (see	  Appendix	  2	  –	  Component	  Quotes)	  
for	   two	  16	  kW	  generators,	   $8000	  and	  $11,900	  with	   the	  more	   expensive	  unit	   offering	  
better	  fuel	  efficiency.	  Further	  quotes	  have	  not	  yet	  been	  sourced	  because	  Piers	  Klugman	  
of	  Sea	  Box	  International,	  suggested	  that	  a	  container	  could	  be	  supplied	  with	  a	  generator	  
fitted.	   [11]	   This	   option	   could	   offer	   significant	   logistical	   benefit,	   though	   Mr	   Klugman	  
later	  indicated	  that	  it	  would	  only	  be	  feasible	  with	  a	  large	  order	  of	  retrofitted	  containers.	  
The	   two	  quoted	  generators	  were	   compared	   in	  micro-­‐grid	  modelling	   software	  HOMER	  
and	  the	  cheaper	  unit,	  the	  GX20,	  resulted	  in	  a	  lower	  Net	  Present	  Cost	  (NPC).	  At	  this	  stage,	  
this	   is	   the	   unit	   which	   the	   design	   uses.	   The	   datasheet	   is	   supplied	   in	   Appendix	   3	   –	  
Component	  Datasheets.	  Research	  suggested	  non-­‐diesel	  generators	  such	  as	  petrol	  would	  
not	  be	  better	  suited	  to	  this	  task.	  [12]	  [13]	  
3.2 Diesel	  Price	  
The	  best	  resource	   found	  explaining	   the	  relatively	  high	  Wadeye	   fuel	  price	  observed	  by	  
Mr	  Tranter	  and	  confirmed	  by	  the	  council	  ($2.7/L),	  was	  an	  ABC	  article	  which	  suggested	  
that	  $0.88/L	  was	  added	  to	  the	  Darwin	  price	  to	  cover	  additional	  freight	  charges.	  [14]	  A	  
starting	   price	   could	   then	   be	   determined	   using	   the	   NT	   average	   price	   over	   the	   past	   9	  
	   20	  
months	  [15],	  giving	  a	  value	  of	  $1.77/L	  +	  $0.88/L	  =	  $2.65/L.	  This	  calculation	  is	  close	  to	  
the	  price	  observed	  and	  documented	  by	  Mr	  Tranter.	  The	  ABC	  article	   also	   suggests	   the	  
fuel	  price	  in	  Wadeye	  hit	  a	  high	  of	  $3.66/L	  in	  2014.	  [14]	  
3.3 Fuel	  Price	  Escalation	  vs.	  Inflation	  rate	  
This	   research	   was	   done	   to	   test	   the	   validity	   of	   the	   assumption	   made	   by	   the	   HOMER	  
modelling,	  that	  fuel	  escalation	  would	  approximately	  equal	  inflation.	  [16]	  The	  conclusion	  
was	   that	   based	   on	   the	   past	   13	   years,	   fuel	   prices	   are	   escalating	   1.09%	   faster	   than	  
inflation.	  This	  suggests	  the	  modelling	  over	  25	  years	  should	  use	  fuel	  price	  $3.04/L.	  The	  
steps	   leading	   to	   this	   figure	   are	   detailed	   in	  Appendix	  4	  –	  Fuel	  Price	  Escalation	  Rate	   vs.	  
Inflation	  Rate.	  
4 Energy	  Audit	  
	  
Several	  resources	  contributed	  to	   the	  energy	  audit,	   including	  notes	   from	  conversations	  
with	  locals,	  documented	  observations	  and	  photographs,	  the	  existing	  generator	  size	  and	  
a	  government	  website	  which	   stated	   typical	   energy	  use	  based	  on	  postcode,	  which	  was	  
useful	   for	   identifying	   seasonal	   variance	   as	   shown	   in	   Table	   2	   -­‐	   Seasonal	   Energy	  
Consumption	  in	  Wadeye.	  
	  
Table	  2	  -­‐	  Seasonal	  Energy	  Consumption	  in	  Wadeye	  [17]	  
Location:	   Wadeye	  
Postcode:	   "0822"	  
Household:	   3	  Persons	  
Energy	  Consumption	  
Summer	   28.3	  kWh/day	  
Autumn	   27.1	  kWh/day	  
Winter	   21.8	  kWh/day	  
Spring	   25.8	  kWh/day	  
	  	  
For	  the	  design,	  two	  load	  profiles	  were	  considered	  sufficient	  representation.	  These	  were	  
composed	   based	   on	   Mr	   Tranter’s	   notes	   and	   predicted	   appliance	   use,	   estimated	  
throughout	  a	  typical	  day.	  The	  power	  consumed	  from	  appliances	  are	  estimates	  based	  on	  
the	  Energy	  Made	  Easy	  website.	  [18]	  These	  profiles	  are	  depicted	  in	  Figure	  8	  -­‐	  Daily	  Load	  
Profile	  -­‐	  September	  to	  May	  and	  Figure	  9	  -­‐	  Daily	  Load	  Profile	  -­‐	  June	  to	  August.	  While	   this	  
process	   was	   undertaken	   before	   the	   sizing	   of	   the	   cooling	   and	   ventilation	   systems	   for	  
within	  the	  container,	  both	  were	  considered	  in	  the	  audit.	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Figure	  8	  -­‐	  Daily	  Load	  Profile	  -­‐	  September	  to	  May	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Figure	  9	  -­‐	  Daily	  Load	  Profile	  -­‐	  June	  to	  August	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5 Concept	  Design	  
5.1 Why	  Three-­‐Phase	  Power?	  
Yederr	   is	   currently	   supplied	   by	   a	   single-­‐phase	   generation	   and	   overhead	   transmission	  
system.	  The	  consideration	  to	  switch	  Yederr	  to	  a	  three-­‐phase	  supply	  can	  be	  attributed	  to	  
advantages	   both	   in	   generation	   and	   transmission.	   One	   disadvantage	   with	   this	   design	  
choice,	   is	  that	  the	  existing	  single-­‐phase	  overhead	  transmission	  system	  cannot	  be	  used.	  
The	   replacement	   cabling	   however	   would	   be	   safer	   and	   would	   have	   superior	  
performance.	  Underground	  cabling	  is	  also	  less	  at	  risk	  from	  lightning	  strikes.	  
5.1.1 Three-­‐Phase	  Generation	  
For	   the	   back-­‐up	   generator,	   a	   three-­‐phase	   unit	   can	   be	   smaller	   than	   a	   single-­‐phase	  
equivalent	  with	   the	   same	  power	   rating.	   [19]	   Three-­‐phase	  machines	   are	   also	   typically	  
lighter	  and	  more	  efficient.	  [20]	  
	  
For	  the	  PV,	  switching	  to	  a	  three-­‐phase	  system	  allows	  a	  larger	  three-­‐phase	  inverter	  to	  be	  
used	   which	   is	   more	   efficient	   than	   the	   single-­‐phase	   equivalents.	   To	   have	   the	   same	  
capacity	  with	  single-­‐phase	  SMA	  inverters,	  at	   least	   four	  units	  would	  be	  required	  as	  the	  
largest	  available	  size	  is	  5	  kW.	  [21]	  This	  would	  take	  up	  more	  space	  in	  the	  container	  and	  
be	  more	  expensive.	  
5.1.2 Three-­‐Phase	  Transmission	  
Because	  the	  load	  is	  spread	  across	  three	  cables,	   three-­‐phase	  transmission	  requires	   less	  
copper	  to	  transfer	  the	  same	  power	  when	  compared	  to	  single-­‐phase,	  which	  can	  make	  the	  
cabling	  cheaper.	  This	  is	  sometimes	  referred	  to	  as	  conductor	  efficiency	  and	  it	  is	  the	  case	  
because	  the	  neutral	  does	  not	  typically	  carry	  a	  high	  current	  and	  so	  does	  not	  require	  the	  
same	  current	   carrying	   capacity.	  With	   the	   single-­‐phase	  equivalent,	   both	   the	  active	  and	  
neutral	  must	   be	   rated	   to	   carry	   the	   full	   current.	  With	   the	   current	   reduced,	   so	   are	   I2R	  
(power)	  losses.	  [22]	  [23]	  	  
	  
To	  consider	  this,	  32	  A	  three-­‐phase	  cable	  could	  deliver:	  
	  
= 32  !  ×  400  !  ×   3 = 22.17  !"	  
	  
To	  deliver	  the	  same	  amount	  of	  power	  on	  a	  single	  phase	  cable	  it	  would	  need	  to	  be	  rated	  
to	  carry	  
22.17  !"
0.23  !" =   96  !  	  
	  
These	  factors	  demonstrate	  that	  switching	  to	  three-­‐phase	  power	  is	  justified.	  	  
5.2 Inverters/Battery	  Chargers	  
The	   chosen	   models	   are	   three	   Sunny	   Island	   8.0H	   inverter-­‐chargers	   and	   one	   Sunny	  
TriPower	   20000TL	   PV	   inverter.	   The	   datasheets	   for	   these	   inverters	   are	   supplied	   in	  
Appendix	  3	  –	  Component	  Datasheets.	  Other	  models	  were	  considered	  from	  Schneider	  [24]	  
and	   Selectronic	   [25],	   but	   these	   products	  were	   regarded	   as	   too	   new	   to	   trial	   in	   such	   a	  
remote	   location.	  SMA	  have	  been	  around	  since	  1981	  and	   they	  are	  widely	  considered	  a	  
benchmark	  and	  industry	  standard.	  [26]	  [27]	  This	  is	  supported	  by	  their	  selection	  for	  the	  
two	  most	  comparable	  projects	  identified	  in	  3	  –	  Market	  Analysis	  &	  Diesel	  Price	  Research.	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5.3 Batteries	  
HOMER	  was	  used	   to	   test	   suitably	   sized	  batteries	   from	  SunGel,	  BAE	  and	  Sonnenschein	  
with	   the	   criteria	   being	   NPC,	   lifespan,	   number	   of	   strings	   required,	   weight	   and	   supply	  
autonomy.	  The	  winning	  model	  from	  this	  process	  is	  the	  BAE	  12	  PVV	  2280	  which	  gave	  the	  
lowest	  NPC	  and	  42.9	  hours	  of	  autonomy.	  The	  datasheet	   for	   this	  battery	   is	  supplied	  as	  
Appendix	  3	  –	  Component	  Datasheets.	   The	   Sunny	   Island	   inverter	   is	   limited	   to	   lead-­‐acid	  
batteries	  and	  flooded	  types	  were	  not	  considered	  because	  of	  the	  frequent	  maintenance	  
requirement.	  [28]	  
5.4 Mounting	  
Many	   companies	  manufacture	   PV	   roof	  mounting	   systems,	   but	   fewer	  manufacture	   for	  
ground-­‐mounted	  applications.	  The	  brand	  which	  Solari	  Energy	  has	  used	  most	  frequently	  
in	  the	  past	  is	  Clenergy	  who	  have	  a	  product	  called	  Solar	  Terrace	  III	  which	  as	  a	  concrete	  
based	   solution	   was	   considered	   appropriate	   for	   this	   application.	   Other	   brands	  
considered	  were	  New	  England	  Solar	  Power,	  [29]	  Groundlock	  [30]	  and	  Grace	  Solar.	  [31]	  
The	  general	  problem	  was	  that	  products	  were	  only	  available	  at	  fixed	  tilts	  and/or	  did	  not	  
consider	  wind	  regions	  in	  their	  design.	  Clenergy	  allow	  design	  for	  any	  wind	  region	  or	  tilt	  
and	  so	  were	  considered	  the	  best	  choice.	  [32]	  
5.5 PV	  panels	  and	  orientation	  
In	   industry,	   it	   is	   typical	   to	   compare	   panels	   in	   terms	   of	   $/Wp	   of	   the	  module,	   but	   this	  
comparison	   was	   expanded	   for	   this	   project	   to	   include	   information	   such	   as	   module	  
efficiency	  and	  temperature	  performance.	  These	  factors	  can	  affect	  the	  number	  of	  panels	  
and	   the	   array	   surface	   area	  needed,	   thus	   influencing	   the	   cost	   of	   labour,	  mounting	   and	  
fencing.	  A	   spreadsheet	  was	  designed	   (see	  Appendix	  5	  –	  Panel	  Comparison	  Spreadsheet)	  
which	   included	   this	   information	   and	   used	   outputs	   from	   two	   other	   spreadsheets	   for	  
mounting	   (see	  Appendix	  6	  –	  Clenergy	  Spreadsheet)	   and	   fencing	   (see	  Appendix	  7	  –	  Fence	  
Sizing	  Spreadsheet).	  The	  end	  result	  is	  presented	  in	  Table	  3	  -­‐	  Combined	  Cost	  Comparison	  
of	  PV,	  which	  shows	  the	  bundled	  costs	  of	  the	  panels	  compared.	  The	  best	  panel	  from	  this	  
comparative	   process	   was	   the	   Jinko	   JKM270PP-­‐60	   (see	   Appendix	   3	   –	   Component	  
datasheets).	   This	   process	   excluded	   all	   non-­‐tier	   one	   panels	   [33]	   and	   only	   included	  
models	  where	  prices	  were	  known	  or	  could	  be	  readily	  sourced.	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Table	  3	  -­‐	  Combined	  Cost	  Comparison	  of	  PV	  
	  
	  
5.6 Panel	  Orientation	  
AS4509.2	  Stand-­‐alone	  power	  systems	  Part	  2:	  System	  Design	   suggests	  a	  process	  whereby	  
design	   is	   based	   on	   the	   ‘worst	   month’,	   as	   defined	   by	   resource/load.	   [34]	   For	   Yederr,	  
using	   a	  North-­‐facing	  orientation,	   the	   ‘worst	  month’	   is	   February,	   caused	  by	   the	   lowest	  
solar	  resource	  and	  the	  anticipated	  higher	  summer	  load.	  To	  explore	  if	  any	  combination	  
of	  orientations	  could	  result	  in	  a	  better	  ‘worst	  month’,	  sixteen	  orientations	  were	  tested.	  
The	  conclusion	  was	  that	  for	  this	  site,	  the	  best	  results	  would	  come	  from	  a	  North-­‐facing	  
array	   tilted	   at	   10	   degrees.	   To	   observe	   the	   steps	   taken	   for	   this	   conclusion,	   review	  
Appendix	  8	  –	  Panel	  Orientation	  Selection.	  
5.7 Modelling	  
With	   component	   selection	   largely	   completed,	   it	  was	   then	   possible	   to	   use	   the	  HOMER	  
ENERGY	  software	  to	  determine	  ideal	  component	  sizes.	  The	  steps	  which	  explain	  sources	  
for	  the	  input	  data	  entered	  into	  HOMER	  are	  detailed	  in	  Appendix	  10	  –	  HOMER	  Modelling.	  
Results	  for	  the	  (preliminary)	  optimal	  system	  are	  displayed	  in:	  	  
	  
Figure	  10	  -­‐	  HOMER,	  Optimisation	  Results,	  	  
Figure	  11	  –	  HOMER,	  Cost	  Summary,	  	  
Figure	  12	  –	  HOMER,	  Cash	  Flow	  by	  Component,	  	  
Figure	  13	  –	  HOMER,	  Electrical,	  	  
Figure	  14	  -­‐	  HOMER,	  PV,	  	  
Figure	  15	  –	  HOMER,	  Generator,	  	  
Figure	  16	  –	  HOMER,	  Battery	  and	  	  
Figure	  17	  –	  HOMER,	  Converter.	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Figure	  10	  -­‐	  HOMER,	  Optimisation	  Results	  
	  
	  
Figure	  11	  –	  HOMER,	  Cost	  Summary	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Figure	  12	  –	  HOMER,	  Cash	  Flow	  by	  Component	  
	  
	  
Figure	  13	  –	  HOMER,	  Electrical	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Figure	  14	  -­‐	  HOMER,	  PV	  
	  
	  
Figure	  15	  –	  HOMER,	  Generator	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Figure	  17	  –	  HOMER,	  Converter	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6 Components	  Summary	  &	  Early	  Capital	  Estimate	  
	  
The	   19.44	   kW	   array	   size	   recommended	   by	   HOMER	  was	   enlarged	   in	   consideration	   of	  
panel	  degradation	  over	  time.	  The	  warranty	  suggests	  performance	  after	  25	  years	  should	  
be	  at	  least	  80.7%	  (see	  Appendix	  3	  –	  Component	  Datasheets)	  implying	  -­‐0.772%/year.	  Mr	  
Tranter	   suggested	   that	   in	   his	   experience	   the	   rate	   of	   degradation	   was	   usually	  
exaggerated	  and	  so	  a	  good	  rule	  of	  thumb	  is	  to	  oversize	  based	  on	  75%	  of	  the	  life	  of	  the	  
project.	  This	   is	  a	  sensible	  compromise	  because	   if	  a	  system	  is	  sized	  for	  output	  after	  25	  
years,	   than	   it	   could	   be	   considered	   oversized	   for	   the	   other	   24	   years.	   Ideally	   this	  
degradation	  would	  have	  been	  considered	  within	  rather	  than	  post	  the	  modelling,	  but	  it	  
would	  have	  been	  too	  inaccurate	  to	  try	  to	  model	  this	  dynamic	  event	  statically	  since	  there	  
is	  no	  designated	  input	  for	  panel	  degradation	  in	  HOMER,	  only	  fixed	  deration.	  
	  
This	  implies	  the	  array	  should	  be	  sized:	  
	  
19.44  !"
1− 0.00772  ×  25  ×  0.75 = 22.73  !"	  
	  
= 22.68  !"  !"  84  !"#$%&  (!"#$%&  !"#$  !"#  !ℎ!"#  !"#$%&  !"  !"#$%&)	  
	  
This	  information	  is	  sufficient	  to	  estimate	  the	  project	  initial	  capital	  (see	  Table	  4	  –	  Initial	  
Capital	   Cost	   Estimate).	   This	   pricing	   excludes	   information	   such	   as	   Small	   Technology	  
Certificates	  [35]	  [36]	  (Government	  credits	  for	  systems	  <	  100	  kW),	  GST	  and	  any	  possible	  
grants	  which	  may	   be	   applicable.	   Costs	   such	   as	   the	   Balance	   Of	   System	   (BOS)	   and	   the	  
freight	  were	   estimates	   suggested	   by	  Mr	   Tranter	   at	   an	   early	   stage	   in	   the	   project.	   The	  
costs	  are	  reviewed	  in	  greater	  detail	  and	  updated	  in	  13	  -­‐	  Economics.	  	  
	  
Table	  4	  –	  Initial	  Capital	  Cost	  Estimate	  
Cost	  Estimate	  (HOMER)	  
Category	   Quantity	   Cost	   Sum	  
PV	   22680	  W	   $0.81/W	   $18,371	  
Mounting	   22680	  W	   $0.42/W	   $9,526	  
Fencing	   22680	  W	   $0.78/W	   $17,690	  
PV	  Inverter	   22680	  W	   $0.28/W	   $6,350	  
Batteries	   219	  kWh	   $240/kWh	   $52,531	  
Fitted	  Shipping	  Container	   1	   $40,000	   $40,000	  
Diesel	  Generator	   1	   $9,600	   $9,600	  
Inverter-­‐Chargers	   18000	  VA	   $1.00/VA	   $18,000	  
BOS	   22680	  W	   $0.40/W	   $9,072	  
Installation	  Labour	   22680	  W	   $0.45/W	   $10,206	  
Construction	  Supervision	   7	  days	   $1600/day	   $11,200	  
Engineering	  Design	   1	   $10,000	   $10,000	  
Freight	   1	   $15,000	   $15,000	  
Total	  Sum	   $227,546	  
	   	  
	   31	  
7 Protection	  from	  Fire	  
	  
AS2444	  –	  Fire	  extinguisher	  selection	  and	  location,	  details	   the	  process	  and	  requirements	  
for	  selecting	  and	   installing	  appropriate	   fire	  protection.	  This	   is	  based	  on	   the	   types	  and	  
magnitudes	   of	   fires	  which	   are	  most	   likely	   to	   occur.	   The	   process	   if	   necessary	   because	  
different	   fire	   types	   require	   different	   remedies	   for	  maximum	   effectiveness	   and	   safety.	  
The	   standard	   lists	   six	   fire	   types	  which	  are	  given	  below	   in	  Table	  5	  -­‐	  Fire	  Classification.	  
The	  extinguisher	  type(s)	  selected	  must	  be	  able	   to	  resolve	  all	  of	   the	   fire	   types	   likely	   to	  
occur.	  The	  selection	  process	  has	  been	  undertaken	  for	  the	  main	  section	  of	  the	  container,	  
the	  section	  housing	  the	  diesel	  generator	  and	  the	  fenced	  PV	  array.	  [37]	  
	  
Table	  5	  -­‐	  Fire	  Classification	  [37]	  
Fire	  Classification	  (1.4.4)	  From	  AS2444	  
Class	  A	   fires	  involving	  carbonaceous	  solids	  
Class	  B	   fire	  involving	  flammable	  and	  combustible	  liquids	  
Class	  C	   fires	  involving	  flammable	  gases	  
Class	  D	   fire	  involving	  combustible	  metals	  
Class	  E	   fires	  involving	  energized	  electrical	  equipment	  
Class	  F	   fires	  involving	  cooking	  oil	  and	  fats	  
7.1 Sections	  Requiring	  Fire	  Protection	  
7.1.1 Main	  section	  of	  container	  
For	  the	  main	  section	  of	  the	  container,	  the	  most	  likely	  fire	  type	  would	  include	  “Class	  E	  –	  
fires	  involving	  energized	  electrical	  equipment.”	  Electricity	  does	  not	  burn,	  so	  fires	  of	  this	  
type	   are	   always	   associated	   with	   at	   least	   one	   additional	   fire	   class.	   “Class	   C	   –	   fires	  
involving	  flammable	  gases”	  could	  be	  regarded	  as	  relevant,	  owing	  to	  the	  potential	  for	  the	  
batteries	  to	  leak	  hydrogen	  and	  other	  gasses,	  although	  a	  ventilation	  system	  is	  considered	  
separately	  to	  mitigate	  this	  threat.	  Finally,	  “Class	  A	  –	  fires	  involving	  carbonaceous	  solids”	  
would	  constitute	  only	  a	  small	  risk,	  since	  the	  container	  would	  be	  comprised	  mainly	  of	  a	  
flame	   retardant	   insulation	   and	   non-­‐combustible	   metal	   components.	   Based	   on	   the	  
description	  given	  in	  1.4.6,	  this	  risk	  would	  only	  constitute	  a	  light	  hazard.	  	  
	  
This	  section	  is	  regarded	  as	  having	  a	  significant	  switchboard	  based	  on	  specifications	  in	  
1.4.9	   (d),	   “connection	   to	   3-­‐phase	   power	   supply”.	   However	   since	   the	   overall	   container	  
length	  is	  smaller	  than	  20	  m,	  this	  does	  not	  affect	  where	  the	  protection	  should	  be	  located	  
except	   for	   specifying	   a	   minimum	   distance	   as	   2	   m	   from	   the	   switchboard.	   [37]	   The	  
appropriate	  type	  for	  this	  application,	  based	  on	  the	  switchboard	  requirements,	  is	  at	  least	  
a	  type	  1A:E	  with	  a	  fitted	  hose.	  
7.1.2 Generator	  section	  of	  container	  
For	   the	   generator	   section	   of	   the	   container,	   the	  main	   threat	   is	   certainly	   a	   Class	   B	   fire	  
owing	   to	   the	   120	   L	   fuel	   storage	   capacity	   of	   the	   diesel	   generator.	   Based	   on	   the	  
description	  given	  in	  1.4.6,	  this	  risk	  would	  constitute	  an	  ordinary	  hazard	  because	  of	  the	  
quantity	   of	   flammable	   liquid	   available.	   Section	   4.3	   states	   that	   for	   Class	   B	   fire	   risks,	  
extinguishers	  shall	  be	  selected	  in	  accordance	  with	  Table	  4.2.	  A	  screenshot	  of	  this	  table	  is	  
shown	  in	  Table	  6	  –	  Table	  4.2	  from	  AS2444.	  Because	  the	  maximum	  floor	  area	  is	  much	  less	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than	  80	  m2,	   the	  appropriate	  minimum	  rating	  and	  classification	   is	  20B.	  The	  protection	  
should	  also	  be	  rated	  for	  Class	  A	  and	  Class	  E	  fires.	  
	  
Table	  6	  –	  Table	  4.2	  from	  AS2444	  [37]	  
Table	  4.2	  from	  AS2444	  
Minimum	  rating,	  classification	  and	  distribution	  of	  extinguishers	  for	  Class	  B	  fire	  risks…	  
Fire	  Hazard	  
Minimum	  rating	  and	  
classifications	  of	  
extinguishers	  
Travel	  distance	  from	  
extinguishers	  to	  the	  hazard	  
(m)	  
Maximum	  floor	  area	  per	  
extinguisher	  (m2)	  
Light	  
5B	   2	  to	  3	   15	  
10B	   2	  to	  4	   45	  
20B	   2	  to	  5	   80	  
Ordinary	  
20B	   3	  to	  5	   80	  
30B	   3	  to	  7.5	   115	  
40B	   3	  to	  10	   150	  
High	  
40B	   4	  to	  10	   150	  
60B	   4	  to	  12.5	   225	  
80B	   4	  to	  15	   300	  
	  
7.1.3 PV	  array	  
The	  PV	  array	  was	  difficult	  to	  classify	  for	  fire	  protection	  owing	  to	  it	  not	  being	  attached	  to	  
a	   structure	   and	   because	   it	   is	   in	   an	   open	   environment.	   It	   is	   not	   anticipated	   that	   any	  
flammable	  liquid	  or	  gasses	  would	  be	  present	  in	  the	  area,	  so	  any	  protection	  considered	  
would	  be	  for	  Class	  A:E	  fires.	   If	  a	   fire	  were	  to	  occur,	  damage	  would	   likely	  be	   limited	  to	  
the	  array	  itself,	  assuming	  it	  did	  not	  spread.	  In	  general,	  there	  would	  be	  no	  access	  to	  the	  
array	  except	  for	  quarterly	  maintenance	  where	  panels	  would	  be	  examined	  and	  cleaned.	  
For	  these	  occasions	  a	  fire	  extinguisher	  would	  be	  located	  close	  to	  the	  entrance.	  	  	  
7.2 Selection	  of	  Fire	  Extinguisher	  Type	  
Appendix	   B	   in	   AS2444	   has	   a	   useful	   chart	   for	   the	   appropriate	   selection	   of	   a	   fire	  
extinguisher.	  The	  information	  from	  this	  chart	  is	  presented	  in	  Table	  7	  -­‐	  Fire	  Extinguisher	  
Selection	  Table.	  To	  make	  the	  selection,	  extinguisher	  types	  unsuitable	  for	  electrical	  fires	  
were	  immediately	  excluded	  leaving	  only	  powder,	  carbon	  dioxide	  and	  vaporizing	  liquid	  
as	   potential	   choices.	   Of	   these	   three	   types,	   only	   the	   powder	   ABE	   type	   is	   specified	   as	  
having	   non-­‐limited	   effectiveness	   against	   type	   A,	   B	   and	   C	   fires	   and	   it	   is	   therefore	   the	  
most	  appropriate	  choice	  for	  all	  applications.	  The	  powder	  type’s	  ineffectiveness	  against	  
type	  F	  and	  E	  fires	  is	  not	  expected	  to	  be	  a	  problem.	  The	  standard	  suggests	  after	  this	  type	  
of	  extinguisher	  is	  used,	  the	  expellant	  solidifies	  and	  can	  be	  vacuumed	  to	  clean	  the	  space.	  
This	  helps	  confirm	  the	  use	  of	  this	  extinguisher	  would	  not	  damage	  the	  equipment.	  [37]	  A	  
summary	  of	  the	  extinguishers	  selected	  for	  each	  of	  the	  applications	  is	  given	  in	  Table	  8	  -­‐	  
Fire	  Extinguisher	  Selections.	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Table	  7	  -­‐	  Fire	  Extinguisher	  Selection	  Table	  [37]	  
Type	  of	  Fire,	  Class	  and	  Suitability	  (From	  AS2444)	  
	  	  
















Water	   Effective	   Unsuitable	   Unsuitable	   Unsuitable	   Unsuitable	   Unsuitable	  
Wet	  Chemical	   Effective	   Unsuitable	   Unsuitable	   Unsuitable	   Effective	   Unsuitable	  
Foam	   Effective	   Effective	   Unsuitable	   Unsuitable	   Limited	   Unsuitable	  
Powder	  ABE	   Effective	   Effective	   Effective	   Effective	   Unsuitable	   Unsuitable	  
Powder	  BE	   Unsuitable	   Effective	   Effective	   Effective	   Effective	   Unsuitable	  
Carbon	  Dioxide	   Limited	   Limited	   Unsuitable	   Effective	   Unsuitable	   Unsuitable	  
Vaporizing	  Liquid	   Effective	   Limited	   Limited	   Effective	   Unsuitable	   Unsuitable	  
	  
	  
Table	  8	  -­‐	  Fire	  Extinguisher	  Selections	  
Generator	  Room	  
1	  x	   Powder	  ABE	  –	  1A:20B:E	  Extinguisher	  
Inverter/Battery	  Room	  
1	  x	   Powder	  ABE	  -­‐	  1A:1C:E	  Extinguisher	  
PV	  Array	  
1	  x	   Powder	  ABE	  -­‐	  1A:1C:E	  Extinguisher	  
	  
7.3 Installation	  Locations	  of	  Fire	  Extinguishers	  and	  Signs	  
The	  standard	   indicates	   that	   fire	  extinguishers	  should	  be	  set	  up	  close	   to	  exits	  or	  along	  
normal	  paths,	  while	  being	  at	  least	  2	  m	  from	  a	  perceived	  hazard.	  The	  location	  should	  be	  
conspicuous	  and	  accessible.	  The	  standard	  specifies	  an	  appropriate	  height	  for	  mounting	  
the	  extinguisher	  as	  depicted	  in	  Figure	  18	  -­‐	  Fire	  extinguisher	  mounting	  height	  which	  also	  
shows	   the	   required	   height	   and	   location	   of	   the	   extinguisher	   sign.	   The	   standard	   also	  
specifies	   dimensions	   of	   the	   sign	   itself,	   though	   compliant	   signs	   are	   easily	   purchasable.	  
The	   intended	   locations	   of	   the	   container	   signs	   and	   extinguishers	   are	   viewable	   in	  
Appendix	   11	   –	   CAD	   Drawings,	   General	   Arrangement,	   which	   depict	   adherence	   to	   the	  
requirements	  mentioned	  in	  this	  section	  and	  in	  AS2444	  –	  Portable	  Fire	  Extinguishers	  and	  
Fire	   Blankets	   –	   Selection	   and	   Location.	   For	   the	   extinguisher	   installed	   at	   the	   array,	   an	  
enclosure	  would	  have	  to	  be	  purchased.	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Figure	  18	  -­‐	  Fire	  extinguisher	  mounting	  height	  [37]	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8 HVAC	  &	  Pressure	  Calculations	  
	  
Heating,	  Ventilation,	  Air	  Conditioning	  (HVAC)	  and	  pressure	  calculations	  were	  required	  
to	   properly	   size	   and	   select	   the	   equipment	   required	   for	   the	   maintenance	   of	   ideal	  
conditions	  within	  the	  container.	  	  
	  
It	   is	   a	   requirement	   in	   AS4086	   –	   Secondary	   batteries	   for	   use	   with	   stand-­‐alone	   power	  
systems	   that	   a	   battery	   system	   receives	   a	   specific	   air	   flow	   to	   prevent	   the	   build-­‐up	   of	  
hydrogen	  and	  other	  gases.	  [38]	  This	  ventilation	  system	  would	  bring	  in	  air	  from	  outside	  
the	   container	   so	  would	   contribute	   heat	   and	  moisture	   into	   the	   system	   and	   potentially	  
dirt	   and	  dust	   as	  well.	  Additional	  heat	  would	  enter	   from	   the	  ambient	   environment	  via	  
thermal	   conduction	   and	   radiation	   and	   some	  heat	  would	  be	   generated	   internally	   from	  
the	  equipment	  such	  as	  the	  batteries	  and	  inverters.	  
	  
With	  the	  maximum	  heat	  load	  calculated,	  air	  conditioners	  could	  be	  sized	  and	  selected	  to	  
keep	  the	  container	  at	  an	  appropriate	  temperature.	  In	  this	  case,	  30oC	  was	  chosen	  as	  the	  
upper	   limit.	   It	   is	  not	  expected	   the	  container	  would	  ever	  reach	   temperatures	  requiring	  
artificial	  heating	  due	   to	   the	  wide	   tolerances	  of	   the	  equipment	  and	  continuously	  warm	  
conditions	  in	  the	  Northern	  Territory.	  [39]	  
	  
It	  may	  also	  be	  necessary	  to	  install	  a	  system	  to	  maintain	  ideal	  pressure	  conditions	  within	  
the	  container.	  The	  container	  would	   ideally	  maintain	  positive	  pressure	   to	  help	  prevent	  
dirt	   and	   dust	   from	   entering.	   If	   this	  were	   achieved,	   then	   as	   a	   safeguard,	   a	   barometric	  
damper	   or	   similar	   should	   be	   installed	   to	   keep	   the	   pressure	   below	   a	   level	   where	   the	  
doors	   could	  become	  difficult	   to	  open.	   It	   is	  unlikely	   the	  container	   could	  be	   sealed	  well	  
enough	   to	   need	   this,	   but	   it	   is	   better	   to	   control	  where	   a	   leak	   occurs	   rather	   than	   let	   it	  
happen	  incidentally.	  	  
	  
At	   a	   late	   stage,	   an	   air	   conditioner	   was	   identified,	   which	   has	   the	   capacity	   to	   perform	  
cyclic	  (non-­‐continuous)	  ventilation.	  It	  is	  possible	  this	  capability	  would	  allow	  the	  design	  
to	   compliantly	   disregard	   the	   ventilation	   fans	   but	   they	   are	   included	   at	   this	   stage	  
regardless.	  The	  purpose	  of	  ventilation	  fans	  specified	  in	  AS4086	  –	  Secondary	  batteries	  for	  
use	  with	  stand-­‐alone	  power	  systems,	  is	  to	  avoid	  the	  concentration	  of	  hydrogen	  evolution	  
exceeding	   2%	   within	   the	   container.	   If	   Standards	   Australia	   were	   to	   endorse	   this	  
deviation,	  the	  battery	  manufacturer	  could	  be	  contacted	  regarding	  the	  rate	  of	  Hydrogen	  
emissions,	   to	   equate	   how	   frequently	   the	   air	   conditioner	   should	   ventilate	   the	   space.	  
Alternatively	  the	  equations	  for	  constant	  ventilation	  could	  be	  adapted.	  
	  	  
8.1 Results	  from	  HVAC	  calculations	  	  
The	  HVAC	  calculations	  are	  given	  in	  Appendix	  13	  -­‐	  HVAC	  Calculations.	  A	  summary	  of	  the	  
results	  of	  these	  calculations	  is	  given	  in	  Table	  9	  -­‐	  AS4086	  Battery	  Ventilation	  Requirement	  
and	  Table	  10	  -­‐	  Heat	  Contributors	  Table.	  It	  is	  important	  to	  mention	  that	  the	  specified	  heat	  
from	   batteries	   is	   dependent	   on	   placing	   restrictions	   to	   both	   the	   charging	   voltage	   and	  
current	   from	   the	   Sunny	   Islands.	   This	   process	   is	   also	   covered	   in	   greater	   detail	   in	  
Appendix	  13	  -­‐	  HVAC	  Calculations.	  It	  was	  calculated	  that	  with	  these	  restrictions	  in	  place,	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Table	  9	  -­‐	  AS4086	  Battery	  Ventilation	  Requirement	  
AS4086	  Battery	  Ventilation	  Requirement	  
Minimum	  Continuous	  Air	  Flow	   1.59	  L/s	  
Continuous	  Air	  Flow	  of	  Selected	  Model	   4.72	  L/s	  
	  
	  
Table	  10	  -­‐	  Heat	  Contributors	  Table	  
Heat	  Contributors	  Table	  
Ventilation	  System	   110	  W	  
External	  Sources	   598	  W	  
Sunny	  TriPower	  Inverter	   600	  W	  
Sunny	  Island	  Inverters	   1120	  W	  
BAE	  Battery	  Bank	   1846	  W	  
Other	  sources	   150	  W	  
Safety	  Margin	   1.1	  
Sum	   4867	  W	  
	  
8.2 Air	  Conditioner	  Selection	  
Taking	   into	   consideration	   the	   thermal	   load,	   the	   risks	   of	   oversizing	   air	   conditioners,	  
energy	   efficiency	   ratios	   (EER)	   of	   different	   units	   and	   the	   requirement	   to	   control	   and	  
program	  units	  via	  the	  internet,	  the	  model	  currently	  considered	  the	  best	  choice	  for	  this	  
system	   is	   the	   FTXZ35NV1B	  model	   from	  Daikin’s	   US7	   range.	   This	   selection	   process	   is	  
given	  in	  Appendix	  14	  –	  Air	  Conditioner	  Sizing	  and	  Selection.	  
	  
This	  model	   has	   a	   rated	   capacity	   of	   3.5	   kW	   (cooling)	   but	   a	   range	   of	   0.6	   kW	   –	   5.3	   kW	  
which	   gives	   it	   the	   lowest	   minimum	   of	   the	   models	   considered	   while	   still	   having	   an	  
adequate	  maximum	  to	  cover	   the	  anticipated	  peak	  cooling	   load.	  This	  model	  has	  a	  high	  
EER	  at	  rated	  of	  5.15	  which	  is	  also	  superior	  to	  the	  other	  models	  considered.	  Additionally,	  
the	   dimensions	   of	   the	   unit	   are	   suitable	   for	   the	   intended	   installation	   location	   and	   the	  
model	  has	  the	  capacity	  to	  integrate	  with	  Daikin’s	  BRP072A42	  wireless	  LAN	  adapter	  for	  
internet	  control.	  Finally	  this	  unit	  has	  ventilation	  capabilities.	  [40]	  
	  
Daikin	   were	   contacted	   for	   a	   price	   for	   these	   units	   and	   Aaron	   Howard	   of	   Wahoo	   Air	  
Conditioning	  Pty	  Ltd	  replied	  with	  a	  quote	  of	  $5641.20	  +	  GST	  for	  two	  units.	  Mr	  Howard	  
supplied	  the	  engineering	  data	  used	  in	  Appendix	  14	  –	  Air	  Conditioner	  Sizing	  and	  Selection.	  	  
	  
8.3 Barometric	  Dampers	  	  
A	  barometric	  damper	  is	  included	  to	  help	  ensure	  the	  pressure	  within	  the	  container	  does	  
not	  become	  so	  high	  that	  the	  doors	  are	  difficult	  to	  open.	  Mr	  Tranter	  suggested	  80	  Pascals	  
is	  a	  good	  design	  choice.	  The	  equation	  below	  determines	  how	  this	  translates	  to	  moveable	  
weight.	  (Gravity	  =	  9.81	  ms-­‐2	  and	  the	  door	  area	  =	  [770	  mm	  x	  2040	  mm]	  =	  1.57m2.)	  [41]	  
	  
80  !" = 80  
!"
!. !!	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80  !"!!!!!!




! = 12.8  !"	  
	  
12.8	  kg	  is	  a	  weight	  which	  most	  people	  would	  have	  no	  trouble	  managing.	  	  
	  
The	  simplest	  dampers	  have	  a	  seal	  held	  in	  place	  by	  a	  weighted	  arm	  which	  is	  overcome	  
only	   if	   the	  pressure	  within	  the	  vessel	  applies	  sufficient	   force.	   In	   this	  way,	   the	  position	  
and	   selection	   of	   the	   arm-­‐weight	   allows	   the	   device	   to	   be	   calibrated	   to	   maintain	   the	  
desired	  pressure.	  	  
9 Communications,	  Control	  and	  Data	  Logging	  
	  
While	   this	   system	   has	   been	   designed	   such	   that	   it	   could	   operate	   somewhat	  
autonomously	  in	  a	  ‘set	  and	  forget’	  fashion,	  there	  is	  value	  in	  having	  the	  capacity	  to	  view	  
and	  modify	  parameters	  online	   in	   real-­‐time.	  One	  of	   the	  difficulties	  of	   a	   system	  such	  as	  
this	  is	  increased	  complexity,	  but	  the	  customer	  can	  be	  disassociated	  from	  this	  complexity	  
if	   the	   system	   integrator	   maintains	   control	   of	   the	   system	   over	   its	   life	   and	   where	  
necessary,	   is	   able	   to	   delegate	   control	   to	   involved	   third	   parties	   such	   as	   SMA.	   This	   is	  
especially	   true	   for	   the	   first	   system	   of	   its	   type	   commissioned	   because	   many	   design	  
choices	  have	  been	  based	  on	  assumptions	  rather	  than	  observations.	  One	  example	  is	  the	  
consideration	   to	   limit	   the	   charging	   current	   to	   restrict	   heat	   dissipation	   from	   the	  
batteries,	   a	  measure	  which	  may	   prove	   unnecessary.	   This	   would	   be	   something	  which	  
could	  be	  examined	  and	  modified	  without	  necessitating	  a	  site	  visit,	  if	  a	  communications	  
and	  control	  system	  were	  commissioned.	  Also,	   if	  a	  system	  component	  were	  to	   fail,	   this	  
could	  be	  discovered	  with	  a	  digital	  alert	   rather	   than	  during	   the	  quarterly	  maintenance	  
and	  inspection,	  allowing	  a	  more	  appropriate	  and	  prompt	  response.	  	  
	  
There	   could	   also	   be	   secondary	   benefits	   in	   having	   an	   onsite	   internet	   connection.	   For	  
example	  if	   the	  customer	  wished	  it,	   the	  container	  could	  house	  an	  external	  (or	   internal)	  
VOIP	   telephone.	  Communications	   at	  Yederr	   are	   currently	   restricted	   to	   a	   central	   radio	  
tower.	  The	  VOIP	  phone	  would	  outperform	  the	  radio	  tower	  and	  would	  not	  come	  at	  any	  
significant	  extra	  cost	  depending	  on	  the	  data	  use	  and	  package.	  	  
9.1 Devices	  
The	  SMA	  Sunny	  Island	  system	  has	  the	  potential	  to	  be	  integrated	  with	  a	  number	  of	  SMA	  
products	   used	   for	   these	   purposes.	   [42]	   However	   for	   non-­‐SMA	   products	   like	   the	   air	  
conditioners	  to	  be	  integrated	  into	  the	  communications	  setup,	  a	  solution	  would	  have	  to	  
be	   devised	   as	   SMA	   products	   do	   not	   allow	   the	   monitoring	   or	   control	   of	   third-­‐party	  
hardware.	  It	   is	  relatively	  easy	  to	  find	  an	  air	  conditioner	  model	  with	  a	  control	  card	  but	  
these	   do	   not	   typically	   plug	   directly	   into	   the	   modem,	   rather	   using	   an	   automotive	  
microcontroller	   [43]	   or	   a	   SCADA	   system.	   [44]	  Mitsubishi	   Electric,	   the	   air	   conditioner	  
brand	   recommended	  by	  Gary	  Deverall	   of	   Carseldine	  Air	   Conditioning,	   carries	   its	   own	  
PLC	   controllers	   and	   associated	   software.	   [45]	   [46]	  After	   discussing	   the	   system	  needs	  
with	  Mr	  Deverall,	  he	  recommended	  and	  quoted	  for	  the	  Maxim	  III	  controller	  by	  Innotech,	  
because	  the	  inputs	  are	  universal	  [47].	  The	  air	  conditioner	  model	  currently	  favoured	  is	  a	  
3.5	  kW	  inverter	  based	  air	  conditioner	  from	  Daikin’s	  US7	  range.	  This	  model	  allows	  WiFi	  
control	  in	  conjunction	  with	  Daikin’s	  BRP072A42	  LAN	  adaptor.	  [40]	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Of	  the	  SMA	  options	  available,	  the	  item	  with	  the	  most	  versatility	  and	  features	  is	  the	  SMA	  
Cluster	  Controller.	  [48]	  Unfortunately	  a	  representative	  of	  SMA	  suggested	  by	  telephone	  
that	   this	   device	   cannot	   currently	   integrate	   with	   a	   Sunny	   Island	   and	   he	   instead	  
recommended	   the	  SMA	  Sunny	  WebBox.	  While	   the	  WebBox	  has	   less	   functionality	   than	  
the	  Cluster	  Controller,	  it	  can	  still	  allow	  system	  control	  via	  Sunny	  Portal,	  SMA’s	  online	  PV	  
plant	  management	  and	  monitoring	  software,	  over	  the	  internet.	  [49]	  The	  system	  can	  also	  
integrate	  with	  the	  SMA	  Sunny	  SensorBox	  which	  would	  be	  installed	  with	  the	  PV	  array	  to	  
provide	   information	   on	   irradiation,	   module	   and	   ambient	   temperature	   and	   if	   desired,	  
wind	  speed.	  [50]	  These	  sensors	  could	  be	  used	  to	  estimate	  yields	  and	  compare	  with	  the	  
actual	   generation	  data.	   In	   events	  where	  a	   large	  discrepancy	  was	   identified,	   this	   could	  
trigger	  an	  alert	  that	  the	  array	  required	  cleaning	  or	  inspection.	  The	  ambient	  temperature	  
inside	   the	   container	   and	   in	   close	   proximity	   to	   the	   batteries	   is	   recorded	   with	   lead	  
sensors	  which	  plug	  into	  the	  Sunny	  Island	  units.	  	  	  
9.2 Smart	  Modules	  
Jinko	   Solar	   offer	   ‘smart’	  modules	  which	   integrate	  with	   panel	   optimisers	   from	  Maxim,	  
Tigo	  or	  Solar	  Edge.	  These	  products	  offer	  some	  noticeable	  performance	  advantages	  such	  
as	  lower	  open	  circuit	  voltage	  and	  per-­‐panel	  maximum	  power	  point	  tracking.	  They	  also	  
allow	   array	   alerts	   and	   per	   panel	  monitoring	   both	   in	   real-­‐time	   and	   of	   historical	   data.	  
While	   these	  smart	  panels	  are	   intriguing,	   they	  are	  relatively	  new	  to	  market	  and	  would	  
require	  much	  more	  significant	  data	  traffic,	  WiFi	  emitters	  at	  the	  array	  as	  well	  as	  data	  and	  
power	  cables	  running	  to	  the	  array.	  It	  would	  be	  costly	  and	  complex	  in	  this	  application	  to	  
take	   full	   advantage	   of	   smart	   panels	   and	   they	   are	   also	   more	   expensive.	   They	   are	   not	  
further	  considered	  for	  the	  Yederr	  case.	  
9.3 Internet	  Connection	  
9.3.1 Telstra	  Connection	  
Upon	  first	  inspection,	  it	  appeared	  that	  the	  outstations	  around	  Wadeye	  were	  within	  the	  
service	   area	   covered	   by	   Telstra,	   which	   would	   allow	   a	   typical	   metropolitan	   internet	  
setup.	   Upon	   zooming	   in	   to	   view	   the	   Yederr	   area	   however,	   it	   was	   apparent	   that	   the	  
Yederr	   station	   is	   about	   1	   km	   outside	   of	   Telstra	   coverage.	   [51]	   Because	   the	   station	   is	  
somewhat	   close	   to	   a	   reception	   area,	   it	   was	   considered	   that	   running	   a	   cable	   or	   using	  
repeater/extender	   routers	   might	   be	   a	   feasible	   option.	   In	   a	   conversation	   with	   Greg	  
Dendle	   of	   Telstra,	   Mr	   Dendle	   suggested	   doing	   this	   would	   involve	   finding	   the	   highest	  
ground	  possible	  and	  then	  attempting	  to	  direct	  a	  signal	  to	  the	  site	  via	  point-­‐to-­‐point	  WiFi	  
extenders.	  This	  option	  would	  require	  at	  least	  one	  small	  remote	  power	  supply	  depending	  
on	   the	   required	   travelling	   distance	   of	   the	   signal.	  Mr	   Dendle	   suggested	   this	  would	   be	  
hugely	   expensive	   and	   possibly	   unreliable	   anyway.	   He	   recommended	   investigating	  
satellite	  modems	  as	  an	  alternative.	  
9.3.2 BGAN	  vs.	  VSAT	  
Researching	  satellite	  modems	  revealed	  two	  primary	  options,	  BGAN	  and	  VSAT.	  The	  two	  
options	  involved	  similar	  initial	  hardware	  and	  installation	  costs,	  differing	  mainly	  in	  the	  
size	  of	  the	  data	  packages.	  BGAN	  is	  simpler,	  more	  portable	  and	  is	  designed	  to	  deal	  with	  
much	  smaller	  data	  packages	  but	  attracts	   a	  higher	   cost	  per	  MB.	  The	   lowest	   found	  was	  
$6/MB,	   though	   this	   required	   a	   large	   usage	   and	   a	   flat	   fee	   also.	   The	   prices	   used	   in	   the	  
projections	   of	  Figure	  19	   -­‐	  BGAN	  vs.	  VSAT	  Usage	  Costs	   are	   from	   a	   supplier	   quote	   from	  
Lance	  Denby	  of	  United	  Satellite	  Group	  Pty	  Ltd.	  Mr	  Denby	  offered	  a	  VSAT	  solution	  for	  a	  
flat	   rate	   ($118/month)	  which	  would	   include	   2000	  MB/month,	   almost	   certainly	  much	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more	   data	   than	   would	   be	   required.	   Mr	   Denby	   went	   on	   to	   suggest	   this	   data	   package	  
could	  be	  shared	  across	  multiple	  sites/installations,	  so	  the	  feasibility	  of	  VSAT	  monitoring	  
would	   improve	   with	   each	   new	   installation.	   The	   suppliers	   quote	   for	   the	   equipment,	  
which	  can	  be	  viewed	  in	  Appendix	  2	  –	  Component	  Quotes,	  was:	  	  
	  
BGAN	  device:	  $3698	  or	  $6968	  installed,	  
VSAT	  device:	  $3630	  or	  $7420	  installed.	  
	  
9.3.3 Data	  Requirements	  
The	  expected	  data	  upload	  requirements	  are	  about	  200	  kB/day/device.	  This	  is	  based	  on	  
information	   (page	  86)	   in	   the	  Sunny	  WebBox	  manual,	   for	   five	  devices	  and	  a	  presumed	  
frequency	  of	  uploads	  as	  1-­‐3	  times	  per	  day.	  [52]	  Situations	  where	  the	  system	  would	  send	  
alarms	  or	  when	  the	  user	  logged	  on	  would	  not	  be	  counted	  under	  this	  and	  it	  is	  difficult	  to	  
determine	   the	   data	   requirements	   of	   the	   non-­‐SMA	   controller	   connecting	   to	   the	   air	  
conditioners,	  fans	  and	  other	  sensors.	  In	  total	  if	  everything	  is	  counted,	  there	  are	  at	  least	  
fifteen	  devices	  that	  could	  be	  connected,	  as	  presented	  in	  Table	  11	  -­‐	  Devices	  Connected	  to	  
Communications	   System.	   Depending	   on	   the	   different	   equipment	   and	   the	   frequency	   of	  
reporting	  this	  could	  bring	  the	  data	  use	  into	  the	  range	  of	  3+	  MB	  per	  day.	  	  
	  
Table	  11	  -­‐	  Devices	  Connected	  to	  Communications	  System	  
	  
	  
Figure	  19	   -­‐	  BGAN	  vs.	  VSAT	  Usage	  Costs	   demonstrates	   that	   even	  with	  meagre	   data	   use,	  
VSAT	  would	  be	  the	  cheaper	  option	  and	  is	  therefore	  considered	  the	  appropriate	  choice.	  
This	  graph	  was	  formed	  using	  prices	  given	  in	  Appendix	  2	  –	  Component	  Quotes.	  
	  
	  
Figure	  19	  -­‐	  BGAN	  vs.	  VSAT	  Usage	  Costs	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One	  source	   indicated	   it	  would	  be	  possible	  to	   install	  a	  BGAN	  unit	  without	  a	   technician,	  
but	  the	  potential	  savings	  would	  not	  outweigh	  the	  usage	  costs	  over	  the	  life	  of	  the	  project.	  
The	  site	  indicates	  that	  BGAN’s	  main	  advantage	  is	  portability	  and	  ease	  of	  use,	  advantages	  
with	  only	   limited	  scope	   for	   this	  application.	  The	  source	  did	  suggest	  BGAN	  could	  be	  as	  
cheap	  as	  $3/MB	  [53]	  but	  a	  supplier	  with	  a	  rate	  that	  low	  could	  not	  be	  found	  in	  Australia.	  
Even	  with	  a	  $3/MB	  rate,	   the	  VSAT	  option	  would	  be	  cheaper	  above	  approximately	  1.3	  
MB/day	   of	   uploads,	   or	   less	   if	   more	   frequent	   uploading	   was	   desired.	  With	   the	   larger	  
amount	  of	  data	  available	  with	  VSAT,	  it	  no	  longer	  becomes	  necessary	  to	  pick	  and	  choose	  
which	  devices	  should	  be	  controlled	  or	  how	  infrequently	  they	  should	  report	  their	  data.	  
Therefore	   VSAT	   remains	   the	   preferred	   option;	   especially	   on	   the	   provision	   the	   data	  
package	  can	  be	  spread	  across	  multiple	  sites	  to	  improve	  feasibility	  further.	  	  
10 General	  Arrangement	  
	  
The	   internal	  dimensions	  of	   the	  shipping	  container	  were	  supplied	  by	  the	  manufacturer	  
and	  can	  be	  viewed	  in	  Appendix	  3	  –	  Component	  Datasheets.	  The	  dimensions	  are	  given	  as	  
(L	  x	  W	  x	  H)	  5,897	  mm	  x	  2,350	  mm	  x	  2,394	  mm,	  though	  this	  excludes	  the	  insulation	  and	  
the	  air	  gap.	  The	  design	  currently	  uses	  50	  mm	  Polyurethane	  (PU),	  but	  the	  air	  gap	  size	  is	  
not	  specified	  except	  for	  in	  the	  thermal	  calculation	  where	  the	  value	  used	  was	  for	  20	  mm	  
–	  100	  mm.	  With	   this	   in	  mind,	   the	  value	   selected	   for	   the	   calculations	   in	   this	   section	   is	  	  
100	  mm	  for	  both	  the	  insulation	  and	  the	  air	  gap.	  This	  value	  provides	  some	  flexibility	  to	  
upgrade	  the	  insulation	  at	  the	  expense	  of	  air	  gap	  size	  if	  so	  desired.	  	  
	  
Following	   the	   calculations	   in	   this	   section,	   the	   general	   arrangement	  was	   drawn	   using	  
AutoCAD.	  These	  drawings	  are	  viewable	  in	  Appendix	  12	  –	  CAD,	  General	  Arrangement.	  
	  
10.1 Battery	  Shelf	  Design	  
The	  selected	  model	  of	  battery	  has	  dimensions	  (L	  x	  W	  x	  H)	  215	  mm	  x	  277	  mm	  x	  855	  mm	  
(See	   Appendix	   3	   –	   Component	   Datasheets).	   The	   model	   can	   be	   mounted	   horizontally,	  
which	  was	   considered	   the	   best	   option	   for	  maximising	  walking	   space	   in	   the	   container	  
and	   utilising	   the	   wall	   space	   effectively.	   Initially	   it	   was	   considered	   that	   the	   batteries	  
would	  be	  laid	  on	  the	  215	  mm	  side,	  however	  a	  BAE	  representative	  produced	  a	  document	  
(see	  Appendix	  17	  -­‐	  BAE	  Horizontal	  Installation)	  as	  part	  of	  a	  racking	  quote	  advising	  that	  
the	   batteries	  would	  need	   to	   be	   laid	   on	   the	   277	  mm	   side	   as	   is	   depicted	   in	  Figure	  20	   -­‐	  
Battery	  Installation	  Positioning.	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Figure	  20	  -­‐	  Battery	  Installation	  Positioning	  [54]	  
BAE	  suggest	  in	  a	  document	  that	  a	  10	  mm	  clearance	  is	  required	  between	  batteries	  (see	  
Appendix	  18	  -­‐	  BAE	  Operating	  Instructions)	  and	  research	  revealed	  a	  product	  designed	  to	  
hold	  four	  BAE	  batteries	  used	  35	  mm	  steel	  legs.	  This	  was	  from	  a	  company	  called	  Passoni	  
Alpha	  who	  specialise	  in	  battery	  racks.	  [55]	  While	  the	  quote	  from	  Sea	  Box	  International	  
included	   battery	   racks	   in	   the	   price,	   specification	   were	   not	   provided.	   Therefore,	   the	  
product	  line	  from	  Passoni	  Alpha	  was	  used	  to	  identify	  how	  wide	  the	  shelving	  legs	  should	  
be	  to	  manage	  the	  weight.	  The	  Passoni	  Alpha	  product	  shelves	  four	  batteries	  per	  shelf	  and	  
is	  supported	  by	  35	  mm	  steel	  legs.	  [55]	  	  
	  
Based	  on	  this	  information,	  an	  equation	  was	  devised	  for	  the	  required	  length.	  It	   is	  given	  
below,	  where	  (x)	  is	  the	  number	  of	  columns	  of	  batteries.	  277	  is	  the	  battery	  width	  (mm),	  
70	  represents	  the	  two	  35	  mm	  legs	  required	  per	  four	  batteries	  and	  50	  is	  the	  10	  mm	  of	  
space	  between	  and	  outside	  of	  each	  lot	  of	  four	  batteries.	  While	  this	  equation	  is	  designed	  
around	   lots	   of	   four	   batteries,	   it	  was	   considered	   an	   adequate	   approximation	   for	   other	  
sizes	  if	  shelves	  were	  to	  be	  designed	  for	  more	  or	  fewer	  batteries:	  
	  
!"##$%&  !"#$  !"#$%ℎ   = 277! + (70! + 50 !) 4	  
= 307!	  
	  
Similarly	  an	  equation	  was	  made	  for	  the	  battery	  bank	  height.	  It	  is	  given	  below	  where	  (y)	  
is	  the	  number	  of	  rows	  of	  batteries.	  10	  is	  the	  clearance	  between	  the	  battery	  and	  the	  shelf	  
above	  (mm),	  35	  is	  the	  shelf	  thickness	  (mm)	  and	  250	  is	  the	  distance	  between	  the	  floor	  
and	  the	  first	  shelf	  (mm).	  It	  was	  assumed	  that	  250	  mm	  would	  be	  sufficient	  space	  for	  the	  
ventilation	   fans.	  The	  current	  design	  model	   is	  105	  mm	  x	  105	  mm	  but	   it	   is	  possible	   the	  
next	  size	  up	  (150	  mm	  x	  150	  mm),	  might	  be	  chosen	  so	  a	  finer	  filter	  could	  be	  used:	  
	  
!"##$%&  !"#$  !"#$ℎ!   = 215+ 10+ 35 ! + 250  
= 260! + 250	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As	   a	   design	   choice,	   the	   maximum	   height	   of	   the	   battery	   bank	   has	   been	   chosen	   as	  	  
1,815	  mm	  such	  that	  installation	  would	  be	  possible	  for	  a	  typically	  sized	  person.	  With	  this	  
height,	   the	  highest	   shelf	  would	  be	  1,600	  mm	   from	   the	   ground.	  With	   the	   aim	  being	   to	  
minimise	   the	   length	   of	   the	   bank,	   the	   best	   option	   for	   the	   48	   batteries	   based	   on	   these	  
calculations	  would	  be	  eight	  columns	  of	  batteries,	  with	  six	  rows	  as	  is	  presented	  in	  Table	  
12	  -­‐	  Battery	  Positioning	  Optimisation.	   It	   is	  worth	  pointing	  out	  that	  this	  leaves	  sufficient	  
vertical	  room	  for	  the	  busbar	  cabinets,	  though	  the	  design	  could	  have	  been	  modified	  for	  
these	  to	  be	  positioned	  above	  the	  inverters	  if	  necessary.	  
	  
Table	  12	  -­‐	  Battery	  Positioning	  Optimisation	  
Battery	  slots	   Columns	   Rows	   Calculated	  height	   Calculated	  length	   	  	  
48	   6	   8	   2,330	  mm	   1,842	  mm	   	  	  
49	   7	   7	   2,070	  mm	   2,149	  mm	   	  	  
48	   8	   6	   1,810	  mm	   2,456	  mm	   *Best	  option	  
50	   10	   5	   1,550	  mm	   3,070	  mm	   	  	  
48	   12	   4	   1,290	  mm	   3,684	  mm	   	  	  
	  
10.2 Battery	  String	  Configuration	  
It	   is	   important	   to	   consider	   how	   the	   battery	   strings	  would	  be	  wired.	   This	   needs	   to	   be	  
done	   in	   such	   a	   way	   that	   the	   battery	   leads	   can	   be	   connected	   appropriately	   to	   the	  
inverters	  on	  the	  opposing	  wall.	  It	  is	  envisioned	  that	  this	  would	  be	  done	  best	  with	  a	  tray	  
running	   along	   the	   roof	   of	   the	   container	   with	   the	   DC	   busbars	   positioned	   above	   the	  
batteries.	  A	  depiction	  of	  a	  potential	  wiring	  solution	  is	  given	  in	  Figure	  21	  -­‐	  Battery	  String	  
Configuration.	   By	   crossing	   the	   cables	   at	   the	   ends,	   these	   terminal	   leads	   can	   be	   made	  
approximately	   the	   same	   length.	   Typically	   a	   thicker	   cable	   would	   be	   used	   for	   these	  
crossing	  wires	  to	  avoid	  the	  resistance	  being	  greater	  on	  account	  of	  the	  longer	  cable.	  
	  
	  
Figure	  21	  -­‐	  Battery	  String	  Configuration	  
Because	   the	  batteries	  have	  a	  weight	  of	  116.5	  kg	  per	   cell,	   a	   solution	  would	  have	   to	  be	  
employed	  for	  the	  batteries	  to	  be	  installed	  and	  removed	  onsite.	  Some	  solutions	  for	  this	  
challenge	  are	  examined	  in	  Appendix	  19	  –	  Battery	  Logistics.	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10.3 Clearances	  
The	   container	   will	   have	   an	   internal	   wall,	   such	   that	   the	   diesel	   generator	   and	   the	  
exhausts/outdoor	   units	   from	   the	   air	   conditioner	   are	   separated	   from	   the	   rest	   of	   the	  
equipment.	  There	  are	  several	  advantages	  in	  having	  this	  separation.	  For	  one,	  it	  provides	  
extra	  wall	   space	   for	  mounting	  equipment	  and	  keeps	   the	   fumes	  and	  heat	  produced	  by	  
the	  generator	  from	  the	  other	  equipment.	  The	  separation	  also	  reduces	  the	  cooling	  load	  of	  
the	  air	  conditioner,	  since	  the	  diesel	  generator	  section	  does	  not	  need	  to	  be	  temperature	  
controlled.	  From	  this	  point	  of	  view,	  there	  are	  advantages	  in	  making	  the	  main	  section	  of	  
the	   container	   as	   small	   as	   practically	   possible.	   It	   was	   decided	   that	   the	   inverters	   and	  
cabinets	  should	  be	  1	  m	  from	  the	  ground	  for	  comfortable	  operation.	  	  
10.3.1 Internal	  Wall	  	  
The	  switchboard	  and	  communications	  equipment	  are	  in	  cabinets	  which	  are	  (H	  x	  W	  x	  D)	  	  
800	  mm	  x	  600	  mm	  x	  200	  mm.	  [56]	  These	  cabinet	  doors	  should	  not	  open	  such	  that	  they	  
block	   the	   emergency	   egress	   exit	   or	   touch	   the	   inverters,	   so	   an	   800	   mm	   clearance	   is	  
required	  between	  the	  internal	  wall	  and	  both	  the	  side	  door	  and	  the	  inverters.	  The	  design	  
must	  also	  ensure	  an	  additional	  600	  mm	  clearance	   from	  the	  door	  swing	   in	  accordance	  
with	   AS3000	   -­‐	   2.9.2.2	   “Accessibility	   and	   emergency	   exit	   facilities”,	   such	   that	   quick	   exit	  
from	  the	  container	  would	  not	  be	   impeded.	   [57]	  The	  additional	  equipment	  such	  as	   the	  
modem,	  Sunny	  WebBox	  and	  PLC	  controller	  would	  be	  mounted	  in	  a	  cabinet	  and	  one	  was	  
selected	  with	  the	  same	  dimensions	  as	  the	  switchboard.	  [58]	  	  
	  
Taking	  into	  account	  the	  assumed	  100	  mm	  space	  required	  for	  the	  insulation	  and	  air	  gap,	  
there	  is	  not	  sufficient	  space	  to	  mount	  the	  originally	  quoted	  2	  x	  6	  kW	  Mitsubishi	  electric	  
units	  on	  the	  internal	  wall.	  [59]	  The	  Fujitsu	  ASTG18CMCA	  5	  kW	  model	  was	  considered	  
as	  a	  replacement,	  but	  it	  was	  found	  that	  this	  unit	  has	  no	  capacity	  for	  external	  control	  so	  it	  
was	  disregarded.	  The	  final	  unit	  which	  was	  chosen	  was	  a	  3.5	  kW	  rated	  US7	  model	  from	  
Daikin	  which	  fits	  comfotably	  in	  the	  desired	  space	  and	  can	  be	  controlled	  externally.	  [60]	  
10.3.2 Inverter	  Wall	  
The	   required	   clearances	   for	   the	   inverters	   are	   depicted	   in	   Figure	   22	   -­‐	   Sunny	   Island	  
Required	  Clearances,	  which	  has	  come	  from	  the	  Sunny	  Island	  Installation	  manual.	  	  In	  the	  
original	  concept	  sketch	  for	  this	  project,	  the	  Sunny	  Island	  inverters	  were	  intended	  for	  the	  
internal	  wall	  which	  is	  2,350	  mm	  long	  before	  insulation	  is	  considered.	  It	  was	  found	  that	  
if	  the	  required	  300	  mm	  clearances	  were	  applied,	  the	  internal	  wall	  would	  need	  to	  be	  at	  
least	  2,505	  mm,	  so	  the	  design	  was	  modified	  to	  mount	  the	  inverters	  on	  one	  of	  the	  longer	  
walls.	  This	  required	  mounting	  the	  entire	  battery	  bank	  horizontally	  on	  the	  opposing	  wall	  
via	  shelves.	   It	  was	  found	  that	  there	  would	  be	  ample	  space	  for	  this	  option	  and	  that	  the	  
internal	   wall	   would	   be	   better	   used	   for	   mounting	   the	   communications/control	  
equipment	   and	   the	   switchboard.	   Taking	   into	   account	   the	   800	  mm	  clearance	   required	  
because	   of	   the	   cabinets,	   the	  minimum	  wall	   space	   for	   the	   inverters	   is	   4,266	  mm.	   The	  
breakdown	  of	  this	  is	  presented	  in	  Table	  13	  -­‐	  Space	  Required,	  Inverter	  Wall.	  	  
	  
This	  wall	  would	  house	  the	  barometric	  damper	  which	  must	  be	  on	  the	  opposing	  wall	  from	  
the	  fans.	  The	  fire	  extinguishers	  would	  also	  be	  positioned	  on	  this	  wall,	  close	  to	  the	  main	  
entrances	   because	   they	  must	   be	   positioned	   at	   least	   2	  m	   away	   from	   the	   switchboard.	  
Extinguisher	  locations	  signs	  are	  positioned	  at	  least	  2	  m	  high.	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Figure	  22	  -­‐	  Sunny	  Island	  Required	  Clearances	  [61]	  
Table	  13	  -­‐	  Space	  Required,	  Inverter	  Wall	  
Unit	   Unit	  Width	   #	   Total	  
Sunny	  Island	   467	  mm	   3	   1,401	  mm	  
Sunny	  Tripower	   665	  mm	   1	   665	  mm	  
Clearance	  Between	  Units	   300	  mm	   4	   1,200	  mm	  
Clearance	  at	  Internal	  wall	   800	  mm	   1	   800	  mm	  
Insulation	  and	  Air	  Gap	   100	  mm	   2	   200	  mm	  
Sum	   	  	   	  	   4,266	  mm	  
	  
10.3.3 Battery	  Wall	  and	  Side	  Door	  
With	  the	  dimensions	   for	   the	  battery	  bank	  known,	  an	  emergency	  egress	  side	  door	  was	  
chosen.	   The	  most	   common	   door	   size	   is	   2,040	  mm	   x	   820	  mm	  but	   standard	   doors	   are	  
available	  with	  a	  reduced	  width	  of	  770	  mm	  or	  lower.	  [41]	  The	  770	  mm	  size	  was	  selected	  
as	  a	  suitable	  compromise	  between	  minimising	  room	  length	  and	  ensuring	  safe	  exit	  from	  
the	  container.	  Based	  on	  this,	  the	  minimum	  length	  of	  this	  wall	  is	  4,276	  mm	  as	  shown	  in	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Table	  14	  -­‐	  Minimum	  Length,	  Battery	  Wall	  
Unit	   Unit	  Width	   #	   Total	  
Battery	  Bank	   2,456	  mm	   1	   2,456	  mm	  
Side	  Door	   770	  mm	   1	   770	  mm	  
Clearance	  at	  Internal	  wall	   800	  mm	   1	   800	  mm	  
Insulation	  and	  Air	  Gap	   100	  mm	   2	   200	  mm	  
Sum	   	  	   	  	   4,226	  mm	  
	  
10.3.4 Final	  Layout	  Parameters	  
These	   calculations	   and	   selections	   result	   in	   the	   inverter	   wall	   having	   the	   greater	  
minimum	  length,	  4,266	  mm.	  This	  value	  was	  upgraded	  to	  4,350	  mm	  to	  allow	  additional	  
flexibility	   in	   the	   design.	   Using	   this	   figure,	   the	   breakdowns	   of	   both	  walls	   are	   given	   in	  
Table	   15	   -­‐	   Battery	   Wall	   Design	   Parameters	   and	   Table	   16	   -­‐	   Inverter	   Wall	   Design	  
Parameters.	  For	  the	  battery	  wall,	  space	  was	  added	  outside	  the	  bank	  and	  for	  the	  inverter	  
wall,	  space	  was	  added	  to	  both	  outer	  clearances.	  4,350	  mm	  for	  the	  main	  section	  leaves	  
1,447	   mm	   for	   the	   generator	   room,	   implying	   373	   mm	   clearance	   on	   each	   side	   of	   the	  
generator.	  The	  “outdoor”	  air	  conditioner	  units	  have	  a	  clearance	  of	  326	  mm	  on	  each	  side.	  
	  
Table	  15	  -­‐	  Battery	  Wall	  Design	  Parameters	  
Unit	   Unit	  Width	   #	   Total	  
Battery	  Bank	   2,456	  mm	   1	   2,456	  mm	  
Clearance	  around	  Battery	  Bank	   62	  mm	   2	   124	  mm	  
Side	  Door	   770	  mm	   1	   770	  mm	  
Clearance	  at	  Internal	  wall	   800	  mm	   1	   800	  mm	  
Insulation	  and	  Air	  Gap	   100	  mm	   2	   200	  mm	  
Sum	   	  	   	  	   4,350	  mm	  
	  
Table	  16	  -­‐	  Inverter	  Wall	  Design	  Parameters	  
Unit	   Unit	  Width	   #	   Total	  
Sunny	  Island	   467	  mm	   3	   1,401	  mm	  
Sunny	  Tripower	   665	  mm	   1	   665	  mm	  
Clearance	  Between	  Inverters	   300	  mm	   3	   900	  mm	  
Clearance	  at	  Internal	  wall	   810	  mm	   1	   810	  mm	  
Clearance	  between	  Inverter	  and	  Doors	   374	  mm	   1	   374	  mm	  
Insulation	  and	  Air	  Gap	   100	  mm	   2	   200	  mm	  
Sum	   	  	   	  	   4,350	  mm	  
11 Lightning	  Protection	  
	  
AS1768	   –	   Lightning	   Protection	   covers	   the	   necessity	   for	   and	   selection	   of	   appropriate	  
lightning	   protection.	   This	   is	   certainly	   necessary	   for	   regions	   like	   Wadeye	   which	   are	  
highly	  prone.	  The	   requirements	  of	   the	   standard	   include	  physical	  protection	   for	  direct	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strikes	   and	   electrical	   surge	   protection	   for	   instances	   where	   large	   currents	   could	   be	  
introduced	   into	   the	   wiring.	   Surge	   protection	   devices	   (SPDs)	   are	   not	   always	   a	  
requirement.	  AS1768	  –	  Lightning	  Protection	  splits	  a	  physical	  lightning	  protection	  system	  
into	   three	   categories:	   air	   terminals,	   down	   conductors	   and	   earthing	   system.	   These	  
components	   together,	   create	   an	   ideal	  path	   for	   a	   lightning	   current	   to	   follow	   to	  ground	  
such	  that	  it	  would	  cause	  minimum	  damage.	  [62]	  Details	  for	  lightning	  protection	  specific	  
to	   PV	   arrays	   are	   covered	   in	   AS5033	   -­‐	   Installation	   and	   safety	   requirements	   for	  
photovoltaic	  (PV)	  arrays.	  Two	  important	  stated	  requirements	  are:	  
	  
3.5.2	  (b)	  All	  DC	  cables	  should	  be	  installed	  so	  that	  positive	  and	  negative	  cables	  of	  
individual	  circuits	  be	  bundled	  together	  to	  avoid	  creating	  wiring	  loops.	  
3.5.2	  (d)	  DC	  cables	  over	  50	  m	  should	  be	  either	  installed	  in	  earthed	  metallic	  conduit	  
or	  trunking.	  [63]	  
11.1 Surge	  Diverters	  
An	   SPD	   is	   a	   device	   intended	   to	   mitigate	   surge	   overvoltages	   and	   overcurrents	   by	  
redirecting/reducing	   the	   current/voltage	   if	   it	   exceeds	   a	   predetermined	   value.	   The	  
various	  devices	  are	  either	  voltage-­‐limiting	  or	  voltage-­‐switching.	  The	  most	  widely	  used	  
device	   is	  a	  metal	  oxide	  varistor	  because	   it	  offers	  a	  good	  balance	  between	  surge	  rating	  
and	   clamping	   voltage.	   Devices	   are	   sold	  with	   a	   rated	   IMAX	   current	  which	   indicates	   the	  
current	  at	  which	  the	  device	  would	  be	  destroyed.	  SPDs	  are	  not	   typically	  chosen	  on	  the	  
basis	  of	  being	  able	  to	  handle	  a	  single	  event	  to	  the	  magnitude	  of	  IMAX,	  but	  rather	  several	  
events	  at	   lower	  amplitudes.	  For	  example	  an	  SPD	  with	  an	  IMAX	  of	  40	  kA	  might	  typically	  
handle	  fifteen	  surges	  of	  15	  kA.	  [62]	  
	  
The	  standard	  does	  not	  indicate	  any	  method	  for	  identifying	  the	  magnitude	  of	  a	  lightning	  
event	   except	   probability,	   so	   the	   selection	   of	   a	   particular	   SPD	   is	   based	   on	   what	  
constitutes	   acceptable	   risk.	   Table	   B1	   from	   AS1768	   suggests	   only	   10%	   of	   first	   stroke	  
peak	  currents	  would	  be	  greater	  than	  80	  kA	  and	  only	  1%	  would	  be	  greater	  than	  130	  kA.	  
Because	  75%	  of	  first	  strike	  events	  are	  50	  kA	  or	  lower	  and	  40	  kA	  SPDs	  are	  much	  cheaper	  
than	   100	   kA	   SPDs,	   most	   installers	   opt	   to	   use	   40	   kA	   SPDs.	   Even	   in	   a	   highly	   prone	  
location,	  a	   lightning	  event	   impacted	  the	  system	  and	  being	  of	  a	  sufficient	  magnitude	  to	  
destroy	  the	  40	  kA	  device	  is	  unlikely	  and	  yet	  this	  could	  happen	  several	  times	  before	  the	  
expense	   of	   upgrading	   to	   the	   larger	   device	   would	   have	   been	   justified.	   Table	   B1	   also	  
identifies	  that	  only	  1%	  of	  subsequent	  strokes	  would	  be	  greater	  than	  40	  kA,	  so	  only	  the	  
first	  strike	  is	  expected	  to	  be	  able	  to	  destroy	  a	  40	  kA	  device.	  SPDs	  include	  (or	  require)	  a	  
fuse	   or	   circuit	   breaker	   to	   provide	   safe	   disconnection	   of	   a	   failed	   SPD.	   [62]	   The	  
Rawlinson’s	  Australian	  Construction	  Handbook	  indicates	  the	  cost	  of	  surge	  diverters	  as:	  
	  
3	  phase,	  240V/415	  V	  –	  40	  kA	  surge	  rating	  per	  phase	  –	  Each	  –	  $490	  -­‐	  $770	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  –	  100	  kA	  surge	  rating	  per	  phase	  –	  Each	  –	  $1,175	  -­‐	  $1,935	  [64]	  
	  
For	   this	   design,	   a	   100	   kA,	   surge	   diverter	   is	   required	   at	   the	   point	   of	   entry	   for	   the	  
container	   on	   the	   cable	   connecting	   to	   the	   loads.	   Additionally,	   a	   “slot	   in”	   40	   kA	   surge	  
arrestor	  would	  be	  installed	  in	  the	  Sunny	  Tripower	  as	  point	  of	  entry	  surge	  protection	  for	  
the	  array.	  The	  selection	  procedure	  for	  these	  items	  is	  given	  in	  Appendix	  20	  –	  Selection	  of	  
Surge	  Diverters	  and	  Earthing	  Electrodes.	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11.2 Physical	  Lightning	  Protection	  System	  
11.2.1 Air	  Terminals	  	  
Air	  terminals	  are	  effective	  conductors	  placed	  at	  a	  high	  position	  relative	  to	  other	  pieces	  
of	  equipment.	  The	  purpose	  of	  this	  is	  to	  try	  to	  ensure	  an	  initial	  point	  where	  the	  lightning	  
would	  connect	  with	  the	  structure.	  [62]	  For	  both	  the	  shipping	  container	  and	  the	  array,	  it	  
was	  decided	  that	  air	  terminals	  were	  probably	  not	  required,	  because	  in	  each	  case	  there	  
is	  no	  point	  better	  or	  worse	  for	  the	  lightning	  to	  connect.	  The	  VSAT	  modem	  would	  include	  
a	   small	   dish	   which	   depending	   on	   the	   installers	   chosen	   mounting	   position,	   might	  
warrant	   air	   terminals	   on	   the	   shipping	   container.	   In	   any	   case,	   the	   dish	   should	   also	   be	  
bonded	  to	  the	  container	  if	  installed	  externally.	  The	  representative	  from	  United	  Satellite	  
Group	  suggested	  that	  it	  might	  be	  possible	  to	  install	  the	  dish	  inside	  the	  container.	  
	  
At	  this	  time,	  the	  design	  does	  not	  include	  a	  roof,	  which	  the	  representative	  from	  Sea	  Box	  
International	   suggested	   would	   significantly	   impact	   the	   freight	   cost	   from	   China.	   Any	  
metal	  roof	  added	  to	  the	  container	  should	  be	  made	  from	  the	  same	  metal	  as	  the	  container	  
and	  have	  direct	  contact	  with	  the	  surface	  metal	  of	  the	  container	  to	  prevent	  oxidation	  and	  
to	  ensure	  electrical	  continuity.	  A	  steel	  roof	  would	  be	  best	  sourced	  locally	  by	  one	  of	  the	  
many	  companies	  available	  in	  the	  area.	  One	  alternative	  would	  be	  a	  non-­‐metal	  roof	  such	  
as	  the	  moulded	  fiberglass	  option	  from	  “Container	  Caps”	  which	  is	  easily	  fitted	  without	  a	  
specialised	  installer.	  [65]	  As	  a	  non-­‐metal	  roof	  this	  would	  be	  non-­‐corrosive,	  waterproof	  
and	   in	   the	   standard	   white	   should	   have	   excellent	   thermal	   properties.	   With	   the	   latter	  
option,	  air	  terminals	  would	  probably	  be	  required.	  	  
	  
The	   manufacturer	   was	   contacted	   for	   a	   quote	   and	   information	   on	   how	   a	   LPS	   might	  
integrate	  with	  their	  product	  They	  suggested	  by	  phone	  that	  there	  would	  be	  many	  ways	  
air	  terminals	  could	  be	  integrated	  and	  gave	  a	  unit	  price	  of	  $2,490.	  The	  standard	  suggests	  
points	  and	  corners	  are	  most	  vulnerable,	   so	   terminals	  should	   likely	  be	   installed	  on	   the	  
roof	   ends	   and	   connect	   to	   the	   container	   via	   wires	   or	   cladding.	   [62]	   Such	   connection	  
scenarios	   are	   demonstrated	   by	  manufacturer	   ERICO.	   [66]	   The	   standard	   indicates	   the	  
more	  terminals	  installed,	  the	  better	  the	  protection	  will	  be,	  but	  it	  also	  details	  a	  process	  
called	   the	   rolling	   sphere	  method	   (4.4)	  which	   should	   be	   used	   if	   the	   non-­‐metal	   roof	   is	  
chosen,	   to	   confirm	   an	   adequate	   zone	   of	   protection	   would	   be	   achieved	   with	   the	  
deployment	  of	  two	  roof	  edge	  mounted,	  air	  terminals.	  [62]	  
11.2.2 Down	  Conductors	  
Down	  conductors	  are	  purposefully	   installed,	  effective	  conductors	  that	  create	  a	  path	  of	  
low	  resistance	  between	   the	  air	   terminals	   (if	   any)	  and	   the	  earthing	  electrodes.	  Typical	  
examples	  are	  designated	  bonding	  cables	  and	  metal	  cladding.	  For	  the	  shipping	  container,	  
the	   installation	  of	  designated	  down	  conductors	  was	   regarded	  as	  unnecessary	  because	  
the	   entire	   exterior	   is	   electrically	   conductive	   metal	   and	   so	   effectively	   is	   a	   down	  
conductor.	   This	   is	   covered	   under	   4.5.2.2	   Structures	   with	   continuous	   metal.	   The	  
continuity	  between	  each	  metal	  face	  should	  still	  be	  tested	  and	  bonding	  cables	  would	  be	  
installed	  if	  continuity	  were	  not	  confirmed.	  	  
	  
For	   the	   array,	   both	   the	   module	   frames	   and	   the	   mounting	   structures	   are	   electrically	  
conductive	  metal	  so	  these	  components	  are	  also	  effectively	  down	  conductors.	  Again,	  it	  is	  
a	  requirement	  that	  they	  be	  bonded	  together	  to	  ensure	  a	  continuous	  path	  to	  ground.	  The	  
intended	  ground	  point	  is	  at	  the	  shipping	  container.	  [62]	  AS5033	  –	  Installation	  and	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requirements	  for	  photovoltaic	  (PV)	  arrays,	  specifies	  that	  the	  bonding	  connections	  should	  
be	  arranged	  such	  that	  the	  removal	  of	  a	  single	  connection	  would	  not	  affect	  the	  continuity	  
of	  the	  bonding	  for	  any	  other	  module.	  Between	  the	  modules	  and	  the	  mounting,	  bonding	  
can	   be	   achieved	   through	   purpose	   built	   earthing	   lugs	   and	   washers	   such	   as	   the	   ones	  
manufactured	  by	  Wiley	  Electronics.	   [67].	  These	  have	   teeth	  designed	   to	  penetrate	   any	  
exterior	  paint	  or	  surface	   layer	  on	  the	  metal	   to	  create	  a	  gas-­‐tight	  bond.	  The	  use	  of	   this	  
type	   of	   bonding	   is	   covered	   under	   4.4.2.2	   (b).	   [63]	   The	   decision	   was	   made	   to	   not	  
integrate	  the	  wire	  fence	  into	  the	  LPS	  since	  it	  would	  introduce	  currents	  into	  the	  system	  
that	  would	  otherwise	  not	  enter.	  Personal	  should	  not	  come	  into	  contact	  with	  the	  fence	  or	  
any	  other	  part	  of	  the	  system	  if	  a	  lightning	  event	  is	  anticipated.	  
11.2.3 Earthing	  Electrodes	  
The	   purpose	   of	   an	   earthing	   electrode	   is	   to	   provide	   an	   electrical	   connection	   to	   the	  
general	   mass	   of	   earth.	   The	   standard	   calls	   for	   all	   practical	   measures	   to	   be	   taken	   to	  
achieve	   10	   Ω	   or	   less	   resistance	   for	   the	   whole	   interconnected	   LPS	   earth	   termination	  
network	  (4.3.4)	  and	  gives	  equations	  to	  help	  size	  the	  components	  needed	  to	  achieve	  this.	  
	  
The	  earth	  termination	  point	  for	  this	  system	  would	  be	  twin	  copper	  earth	  stakes	  installed	  
at	  opposing	  ends	  of	  the	  shipping	  container.	  The	  earthing	  electrodes	  would	  be	  integrated	  
such	   that	   they	   bond	   to	   the	   building	   structure,	   the	   electrical	   earthing	   system	   and	   the	  
MEN	  of	  the	  electricity	  supply	  service.	  Based	  on	  Table	  4.6,	  the	  earthing	  electrodes	  should	  
have	  at	  least	  a	  12	  mm	  diameter.	  [62]	  	  
	  
While	   the	   array	   would	   be	   linked	   to	   the	   same	   earth	   termination	   as	   the	   container	   via	  
direct	   cabling,	   the	   mounting	   structures	   themselves	   would	   also	   partially	   serve	   as	  
earthing	  electrodes	  given	  that	  they	  too	  are	  conductors	  cemented/buried	  into	  the	  earth.	  
The	   Australian	   standards	   gave	   no	   indication	   that	   ground	   mount	   poles	   could	   be	  
considered	   for	   their	   performance	   of	   this	   function,	   so	   direct	   cabling	   was	   considered	  
essential	  for	  compliance.	  An	  American	  website	  did	  indicate	  however	  that	  in	  the	  United	  
States,	   a	   ground	   or	   pole	  mounted	   photovoltaic	   array	  may	   be	   considered	   a	   grounding	  
electrode	  if	  it	  meets	  certain	  requirements	  given	  in	  the	  National	  Electrical	  Code.	  [68]	  
	  
The	  specifications	  for	  the	  earthing	  electrodes	  used	  in	  this	  design	  are	  presented	  in	  Table	  
17	   -­‐	  Earthing	  Electrode	  Requirements.	  The	   process	   used	   in	   the	   selection	   and	   sizing	   of	  
these	  rods	  is	  given	  in	  Appendix	  20	  -­‐	  Selection	  of	  Surge	  Diverters	  and	  Earthing	  Electrodes.	  
	  
Table	  17	  -­‐	  Earthing	  Electrode	  Requirements	  
	  
11.3 LPS	  -­‐	  Corrosion	  	  
In	   order	   to	   ensure	   satisfactory	   performance	   over	   the	   expected	   life	   of	   the	   LPS,	   it	   is	  
necessary	   to	   consider	   the	   corrosion	   conditions	   which	   can	   exist	   between	   different	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metals.	   Steel	   is	   regarded	   as	   having	   a	   deleterious	   effect	   from	   being	   bonded	   to	   copper	  
which	  is	  a	  much	  less	  reactive	  metal.	  Where	  it	  is	  necessary	  to	  connect	  metals	  of	  different	  
types	  like	  copper	  to	  aluminium,	  it	  is	  common	  to	  apply	  tin	  (via	  tinning	  or	  a	  washer)	  as	  an	  
interim	  step	  to	  give	  a	  slower	  oxidation	  reaction.	  	  
	  
The	  reactivity	  of	  the	  metals	  involved	  (steel	  is	  an	  alloy	  of	  carbon	  and	  iron),	  is	  presented	  
in	   Figure	   23	   -­‐	   Reactivity	   Series	   of	  Metals.	   The	   standard	   indicates	   that	   any	   intentional	  
connections	   should	   be	   at	   least	   500	  mm	   above	   the	   ground,	   such	   as	   the	   copper	   cable	  
connection	   between	   the	   container	   and	   the	   earthing	   electrodes.	   The	   standard	   also	  
specifies	   that	  where	   different	  metals	  would	   be	   touching	   incidentally	   rather	   than	   as	   a	  
connection	  point,	   a	   rubber	  plate	   or	   similar	   should	  be	  used	   to	  provide	   separation	   and	  
avoid	  corrosion.	  [62]	  
	  
	  
Figure	  23	  -­‐	  Reactivity	  Series	  of	  Metals	  [69].	  
11.4 Testing	  Procedure	  
Upon	  completion	  of	  an	  installation,	  modification	  or	  during	  any	  maintenance	  inspection,	  
the	   resistance	   to	   earth	   of	   the	   whole	   installation	   and	   of	   each	   termination	   should	   be	  
measured	  and	  documented,	  as	  should	  the	  electrical	  continuity	  and	  mechanical	  condition	  
of	  all	  conductors,	  bonds	  and	  joints.	  The	  proper	  procedure	  is	  documented	  in	  Appendix	  B	  
of	  AS1768	  –	  Lightning	  Protection.	  The	  installed	  SPDs	  have	  a	  colour	  indicator	  to	  show	  an	  
inspector	   if	   they	   require	   replacement	   (or	  will	   soon),	   but	   they	   also	   have	   a	   contact	   for	  
transmitting	  a	  digital	  alert.	  The	  SPDs	  will	  be	  configured	  to	  transmit	  status	  with	  digital	  
alerts	  so	  that	  replacement	  would	  be	  organised	  as	  fast	  as	  possible.	  [62]	  	  
12 Sizing	  of	  Overcurrent	  Protection,	  Cables,	  Busbars	  and	  
Switchboard	  
	  
This	   section	   covers	   the	   sizing	   of	   the	   AC	   and	   DC	   Busbars	   as	   well	   as	   the	   cables	   and	  
overcurrent	   protection	   devices	   for	   the	   power	   system.	  AS5033	  -­‐	   Installation	  and	  safety	  
requirements	   for	   photovoltaic	   (PV)	   arrays	   was	   used	   to	   size	   the	   fuse	   between	   the	   PV	  
array	   and	   the	   Sunny	  Tripower	   Inverter.	   [63]	   Circuit	   breaker	  operating	   curves	   from	  a	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manufacturer	   were	   employed	   to	   size	   breakers	   used	   with	   the	   Sunny	   Island	   Inverter-­‐
chargers.	   In	  all	  other	  cases,	   it	  was	  sufficient	  to	  select	  the	  smallest	  standard	  size	  which	  
would	  exceed	  the	  maximum	  expected	  current	  in	  ordinary	  operating	  conditions.	  	  
	  
For	   each	   stage,	   overcurrent	   protection	  was	   sized	   first,	   since	   a	   cable	  must	   be	   rated	   at	  
least	  as	  high	  as	   its	  protection.	  All	  of	   the	  cables	  are	   taken	   to	  be	  copper	   solid/stranded	  
and	  the	  minimum	  allowable	  size	  was	  chosen	  as	  4	  mm2	  since	  cables	  smaller	  than	  this	  can	  
be	   fragile	   and	   difficult	   to	   work	   with.	   The	   selection	   of	   cables	   was	   based	   mainly	   on	  
processes	  and	  tables	  given	  in	  AS3008	  –	  Electrical	  installations	  –	  Selection	  of	  cables,	  using	  
current	  carrying	  capacity,	  allowable	  voltage	  drop	  and	   in	   the	  case	  of	  one	  cable	  used	  to	  
carry	   current	   from	   a	   lightning	   flash,	   short	   circuit	   temperature	   considerations	   and	  
parameters	  given	  in	  AS1768	  –	  Lightning	  Protection.	  [62]	  [70]	  
	  
The	   design	   and	   installation	   conditions	   have	   been	   chosen	   based	   on	   using	   perforated	  
trays	  to	  carry	  the	  cabling	  around	  the	  container	  and	  any	  cables	  external	  to	  the	  container	  
would	   be	   buried.	   Values	   from	   the	   tables	  were	   chosen	   conservatively,	  meaning	   it	  was	  
assumed	   that	   cables	   would	   be	   bunched	   together	   and	   touching	   the	   wall.	   While	   the	  
installer	  would	   likely	  make	  an	  effort	  to	  give	  each	  cable	  as	  much	  clearance	  as	  possible,	  
with	  the	  chosen	  factors,	  the	  cables	  are	  not	  at	  risk	  of	  being	  undersized	  if	  this	  is	  not	  the	  
case.	  There	  is	  no	  consequence	  for	  oversizing	  a	  cable	  except	  cost.	  In	  some	  cases	  adhering	  
to	  the	  minimum	  requirements	  would	  forsake	  performance	  gains	  well	  worth	  the	  cost	  of	  
choosing	  the	  next	  larger	  cable	  size,	  especially	  over	  a	  very	  short	  distance,	  though	  this	  is	  
difficult	  to	  quantify.	  It	  can	  also	  help	  to	  simplify	  the	  installation,	  since	  fewer	  cable	  sizes	  
are	  needed	  if	  some	  are	  upgraded.	  	  
	  
While	  all	  cabling	  choices	  should	  be	  checked	  in	  each	  category,	  the	  standard	  suggests	  that	  
short	  circuit	  temperature	  considerations	  are	  almost	  never	  the	  limiting	  factor,	  whereas	  
current	   carrying	   capacity	  will	   be	   the	   limiting	   factor	   for	   short	   cable	   runs	   and	   voltage	  
drop	  will	   be	   the	   limiting	   factor	   for	   long	   cable	   runs.	   [70]	   Allowable	   voltage	   drop	  was	  
chosen	   as	   5%	   based	   predominantly	   on	   Table	   5	   from	   AS4509.2	   -­‐	   Stand-­‐alone	   power	  
systems	   Part	   2:	   System	   Design	   which	   gave	   this	   figure	   for	   both	   ‘source	   to	   load’	   and	  
‘photovoltaic	   source’.	   [34]	   All	   the	   voltage	   drop	   equations	   were	   performed	   using	   the	  
method	  described	  in	  AS3008:	  4.3	  “Determination	  of	  voltage	  drop	  from	  circuit	  impedance”	  
The	  equation	  used,	  (4.3(1))	  is	  given	  below:	  [70]	  
	  
	  
Veda	  =	  IZc	  
where	  
Vd	  =	  voltage	  drop	  in	  cable,	  in	  volts	  
I	  =	  current	  flowing	  in	  cable,	  in	  amperes	  
Zc	  =	  impedance	  of	  cable,	  in	  Ω	   = !!! + !!! 	  
Rc	  =	  cable	  resistance,	  in	  Ω;	  a	  function	  of	  the	  material,	  size	  and	  temperature	  of	  the	  
conductors	  
Xc	  =	  cable	  reactance,	  in	  Ω;	  a	  function	  of	  the	  conductor	  shape	  and	  cable	  spacing	  	  
12.1 Summary	  of	  Selections	  
The	   steps	   taken	   for	   the	   selection	   of	   these	   components	   are	   given	   in	   Appendix	   24	   -­‐	  
Selection	   Steps	   for	   Cables,	   Busbars	   and	   Circuit	   Protection.	   After	   this	   process	   was	  
complete,	   AutoCAD	   was	   used	   to	   create	   electrical	   drawings	   representing	   each	   stage.	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These	   drawings	   are	   presented	   in	   Appendix	   12	   –	   CAD,	   Electrical,	   Communications	   and	  
Control.	  	  
	  
A	  summary	  of	  the	  selections	  made	  and	  steps	  taken	  are	  given	  in:	  
	  
Table	  18	  -­‐	  Selections,	  Sunny	  Tripower	  to	  AC	  Busbar,	  
	  
Table	  19	  -­‐	  Selections,	  PV	  array	  to	  Sunny	  Tripower	  Inverter,	  
Table	  20	  -­‐	  Selections,	  Diesel	  Generator	  to	  Sunny	  Island	  Inverter-­‐Chargers,	  
Table	  21	  -­‐	  Selections,	  Sunny	  Island	  Inverter-­‐Chargers	  to	  DC	  Busbar,	  
Table	  22	  -­‐	  Selections,	  Sunny	  Island	  Inverter-­‐Chargers	  to	  AC	  Busbar,	  
Table	  24	  -­‐	  Selections,	  Lightning	  Cable	  -­‐	  Array	  to	  MEN,	  
Table	  25	  -­‐	  Selections,	  Air	  Conditioners,	  Fans,	  Other	  Equipment,	  
Table	  26	  -­‐	  Selections,	  AC	  Busbar	  /	  Switchboard	  and	  	  
Table	  27	  -­‐	  Selections,	  DC	  Busbars.	  
	  
Table	  18	  -­‐	  Selections,	  Sunny	  Tripower	  to	  AC	  Busbar	  
Cable	  Run	   Sunny	  Tripower	  Inverter	  to	  AC	  Busbar	  
Power	  Type	   AC,	  Three	  Phase,	  400	  V	  
IMAX	   28.9	  A	  
Rating	  of	  Overcurrent	  Protection	   32	  A	  
Cable	  Type	   1	  x	  4-­‐core	  XLPE	  
Installation	  Method	   Perforated	  Tray	  
Current	  Carrying	  Capacity	  Reference	   Table	  14	  (C5)	  
Deration	  Reference	   Table	  24	  (R7,	  C8)	  
Deration	   0.78	  
Possible	  Sizes	   4	  mm2	  (35	  A)	  or	  6	  mm2	  (45	  A)	  
Derated	  Sizes	   4	  mm2	  (27.3	  A)	  or	  6	  mm2	  (35.1	  A)	  
Expected	  Cable	  Distance	   <	  10	  m	  
Voltage	  Drop	  	   0.28%	  
Final	  Cable	  Choice	   1	  x	  4-­‐core	  6	  mm2	  XLPE	  
Chosen	  Cable	  Size	   6	  mm2	  	  
Limiting	  Factor	   Current	  Carrying	  Capacity	  
Final	  Overcurrent	  Protection	  Choice	   32	  A	  MCB	  
	  
Table	  19	  -­‐	  Selections,	  PV	  array	  to	  Sunny	  Tripower	  Inverter	  
Cable	  Run	   PV	  array	  to	  Sunny	  Tripower	  Inverter	  
Power	  Type	   DC,	  666	  V	  
IMAX	   9.09	  A	  
Rating	  of	  Overcurrent	  Protection	   15	  A	  
Cable	  Type	   4	  x	  dual	  core	  PV1-­‐F	  
Installation	  Method	   Buried	  direct	  in	  ground.	  Minimum	  depth	  0.5	  m	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Current	  Carrying	  Capacity	  
Reference	   Table	  11	  (C23)	  
Deration	  Reference	   Table	  25(2)	  (C2),	  Table	  27(2)	  (C6)	  	  
Deration	   0.5723	  
Possible	  Sizes	   4	  mm2	  (45	  A)	  
Derated	  Sizes	   4	  mm2	  (25.75	  A)	  
Expected	  Cable	  Distance	   <	  100	  m	  
Voltage	  Drop	  with	  chosen	  size	   0.6%	  
Final	  Cable	  Choice	   4	  x	  dual	  core	  4mm2	  PV1-­‐F	  
Chosen	  Cable	  Size	   4	  mm2	  	  
Limiting	  Factor	   Minimum	  design	  size,	  size	  of	  module	  fly	  leads	  
Final	  Overcurrent	  Protection	  Choice	   15	  A	  Fuses	  
Additional	  Protection	   20	  A,	  900	  V	  DC	  Isolators	  
	  
Table	  20	  -­‐	  Selections,	  Diesel	  Generator	  to	  Sunny	  Island	  Inverter-­‐Chargers	  
Cable	  Run	   Diesel	  Generator	  to	  Sunny	  Island	  Inverter-­‐Chargers	  
Power	  Type	   AC,	  Three	  Phase,	  400	  V	  
IMAX	   28.9	  A	  
Rating	  of	  Overcurrent	  Protection	   32	  A	  
Cable	  Type	   3	  x	  Dual	  Core	  XLPE/PVC	  
Installation	  Method	   Perforated	  Tray	  
Current	  Carrying	  Capacity	  Ref.	   Table	  11	  (C5)	  
Deration	  Reference	   Table	  24	  (C7,	  R7)	  
Deration	   0.82	  
Possible	  Sizes	   4	  mm2	  (42	  A)	  or	  6	  mm2	  (53	  A)	  
Derated	  Sizes	   4	  mm2	  (34.44	  A)	  or	  6	  mm2	  (43.46	  A)	  
Expected	  Cable	  Distance	   <	  10	  m	  
Voltage	  Drop	  with	  chosen	  size	   0.43%	  
Final	  Cable	  Choice	   3	  x	  Dual	  Core	  4	  mm2,	  XLPE/PVC	  
Chosen	  Cable	  Size	   4	  mm2	  
Limiting	  Factor	   Current	  Carrying	  Capacity	  
Overcurrent	  Protection	  Choice	   32	  A	  MCB	  
	  
Table	  21	  -­‐	  Selections,	  Sunny	  Island	  Inverter-­‐Chargers	  to	  DC	  Busbar	  
Cable	  Run	   Sunny	  Island	  Inverter-­‐Chargers	  to	  DC	  Busbar	  
Power	  Type	   DC,	  48	  V	  
IMAX	   249	  A	  (3	  seconds)	  
Rating	  of	  Overcurrent	  Protection	   180	  A	  (250	  A	  peak)	  
Cable	  Type	   6	  x	  Single	  Core	  R-­‐E-­‐110	  
Installation	  Method	   Perforated	  Tray	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Current	  Carrying	  Capacity	  Reference	   Table	  9	  (C6)	  
Deration	  Reference	   Table	  24	  (R5,	  C8)	  
Deration	   0.82	  
Possible	  Sizes	   70	  mm2	  (272	  A)	  or	  95	  mm2	  (339	  A)	  
Derated	  Sizes	   70	  mm2	  (223	  A)	  or	  95	  mm2	  (278	  A)	  
Expected	  Cable	  Distance	   <	  10	  m	  
Voltage	  Drop	  	   1.01%	  
Final	  Cable	  Choice	   6	  x	  Single	  Core	  95	  mm2	  R-­‐E-­‐110	  
Chosen	  Cable	  Size	   95	  mm2	  
Limiting	  Factor	   Current	  Carrying	  Capacity	  
Final	  Overcurrent	  Protection	  Choice	   180	  A,	  250	  VDC	  MCCB	  
	  
Table	  22	  -­‐	  Selections,	  Sunny	  Island	  Inverter-­‐Chargers	  to	  AC	  Busbar	  
Cable	  Run	   Sunny	  Island	  Inverter-­‐Chargers	  to	  AC	  Busbar	  
Power	  Type	   AC,	  Three	  Phase,	  400	  V	  
IMAX	   47.6	  A	  (3	  seconds)	  
Rating	  of	  Overcurrent	  Protection	   40	  A	  (50	  A	  peak)	  
Cable	  Type	   3	  x	  Dual	  Core	  XLPE/PVC	  
Installation	  Method	   Perforated	  Tray	  
Current	  Carrying	  Capacity	  Reference	   Table	  11	  (C5)	  
Deration	  Reference	   Table	  24	  (R7,	  C8)	  
Deration	   0.78	  
Possible	  Sizes	   6	  mm2	  (53	  A)	  or	  10	  mm2	  (73	  A)	  
Derated	  Sizes	   6	  mm2	  (41.3	  A)	  or	  10	  mm2	  (56.9	  A)	  
Expected	  Cable	  Distance	   <	  10	  m	  
Voltage	  Drop	  with	  chosen	  size	   0.25%	  
Final	  Cable	  Choice	   3	  x	  Dual	  Core	  10	  mm2	  XLPE/PVC	  
Chosen	  Size	   10	  mm2	  
Limiting	  Factor	   Current	  Carrying	  Capacity	  
Final	  Overcurrent	  Protection	  Choice	   40	  A	  MCB	  
	  
	  
Table	  23	  -­‐	  Selections,	  AC	  busbar	  to	  loads	  
Cable	  Run	   AC	  busbar	  to	  Loads	  
Power	  Type	   AC,	  Three	  Phase,	  400	  V	  
IMAX	   30.39	  A	  
Rating	  of	  Overcurrent	  Protection	   32	  A	  
Cable	  Type	   4-­‐core	  XLPE/PVC	  
Installation	  Method	   Buried	  Direct	  in	  ground	  with	  minimum	  depth	  0.5	  m	  
Current	  Carrying	  Capacity	  Reference	   Table	  14	  (C23)	  
Deration	  Reference	   Table	  27(2)	  (C6)	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Deration	   0.97	  
Possible	  Sizes	   6	  mm2	  (46	  A)	  or	  10	  mm2	  (63	  A)	  
Derated	  Sizes	   6	  mm2	  (44.62	  A)	  or	  10	  mm2	  (61.11	  A)	  
Expected	  Cable	  Distance	   <	  150	  m	  
Voltage	  Drop	  	   2.70%	  
Final	  Cable	  Choice	   4-­‐core	  10	  mm2	  XLPE/PVC	  
Chosen	  Cable	  Size	   10	  mm2	  	  
Limiting	  Factor	   Voltage	  Drop	  
Final	  Overcurrent	  Protection	  Choice	   32	  A	  MCB	  
	  
Table	  24	  -­‐	  Selections,	  Lightning	  Cable	  -­‐	  Array	  to	  MEN	  
Cable	  Run	   Lightning	  Cable	  -­‐	  Array	  to	  MEN	  
IMAX	   400	  A	  (Continuing)	  
Duration	  of	  Flash	   1500	  ms	  
Cable	  Type	   R-­‐E-­‐110	  (Insulated)	  
Installation	  Method	   Buried	  Direct	  in	  Ground	  with	  minimum	  depth	  0.5	  m	  
Expected	  Cable	  
Distance	   <	  100	  m	  
Chosen	  Cable	  Size	   4	  mm2	  
Selection	  Factor	  
Short	  Circuit	  Temperature	  Considerations	  /	  Minimum	  Design	  
Size	  
	  
Table	  25	  -­‐	  Selections,	  Air	  Conditioners,	  Fans,	  Other	  Equipment	  
Cable	  Runs	   Air	  Conditioners,	  Fans,	  Other	  Equipment	  
Power	  Type	   AC,	  Single	  Phase,	  230	  V	  
Cable	  Type	   Dual	  Core	  XLPE/PVC	  
Installation	  Method	   Perforated	  Tray	  
Expected	  Cable	  
Distance	   <	  2	  m	  
Chosen	  Cable	  Size	   4	  mm2	  
Limiting	  Factor	   Minimum	  Design	  Size	  
Breaker	  Sizes	  
See	  Appendix	  24	  -­‐	  Selection	  Steps	  for	  Cables,	  Busbars	  and	  
Circuit	  Protection	  
	  
Table	  26	  -­‐	  Selections,	  AC	  Busbar	  /	  Switchboard	  
Product	   AC	  Busbar	  /	  Switchboard	  
Required	  Current	  Carrying	  Capacity	   80	  A	  
Required	  Poles	   14	  
Selected	  Brand	   IPD	  
Selected	  Model	   Evolution	  E65	  
Busbar	  Capacity	  of	  Selected	  Model	   250	  A	  
Poles	  Capacity	  of	  Selected	  Model	   18	  Poles	  
	  
Table	  27	  -­‐	  Selections,	  DC	  Busbars	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Product	   DC	  Busbars	  
Required	  Current	  Carrying	  Capacity	   800	  A	  
Required	  Length	   329	  mm	  
Selected	  Busbar	  Length	   350	  mm	  
Required	  Cross-­‐Sectional	  Surface	  Area	   490	  mm2	  
Selected	  Busbar	  Depth	   10	  mm	  
Selected	  Busbar	  Width	   50	  mm	  




For	   the	   initial	   HOMER	   modelling,	   the	   economics	   were	   based	   largely	   on	   price	  
estimations	  rather	  than	  actual	  quotes	  because	  several	  components	  had	  not	  been	  sized,	  
selected	   or	   priced.	   With	   the	   design	   further	   along,	   it	   was	   possible	   to	   analyse	   the	  
economics	  more	  accurately	  and	  provide	  a	  reasonable	  cost	  comparison	  against	  the	  case	  
of	  remaining	  with	  a	  single	  diesel	  generator.	  Cost	  evaluations	  were	  undertaken	  both	  in	  
HOMER	  and	   in	  an	  excel	   spreadsheet	  which	  can	  be	  viewed	   in	  Appendix	  26	  -­‐	  Economics	  
Spreadsheet.	   For	   each	  element,	   a	  GST	  of	  10%	  was	  added	  and	  a	  20%	  profit	  margin.	   In	  
making	   these	   comparisons,	   all	   other	   benefits	   such	   as	   energy	   security/reliability/	  
expansion	   and	   reductions	   in	   greenhouse	   gas	   emissions	   are	   excluded.	   The	   focus	   is	   on	  
initial	  capital	  cost,	  net	  present	  cost	  and	  payback	  period.	  These	  aspects	  are	  considered	  in	  
greater	  detail	  in	  Appendix	  25	  –	  Economics.	  
13.1 Capital	  and	  Annual	  Costs	  
For	   the	   new	   system,	   the	   summation	   of	   all	   the	   expected	   capital	   costs	   which	   included	  
quotes	  as	  well	  as	  some	  estimations,	  came	  to	  $296,309.	  This	  figure	  is	  regarded	  to	  have	  	  
±	  $25,000	  certainty.	  Economic	  evaluations	  were	  undertaken	  using	  this	  range	  of	  values.	  
Additionally	  the	  annual	  costs	  for	  the	  proposed	  system	  were	  equated	  to	  $6,500/annum.	  
This	  compares	  to	  $63,124/annum	  for	  the	  current	  diesel-­‐only	  system.	  The	  initial	  capital	  
cost	  for	  the	  diesel-­‐only	  system	  is	  $10,560	  if	  no	  new	  infrastructure	  is	  considered.	  
13.2 The	  Effect	  of	  Real	  Interest	  Rate	  on	  NPV	  and	  Cost	  Parity	  
Analysis	  was	   undertaken	   using	   the	   current	   real	   interest	   rate	   (discount	   rate)	   of	   6.5%	  
[71]	  as	  well	  as	  the	  maximum,	  minimum	  and	  average	  values	  over	  the	  past	  twenty	  years.	  
The	  results	  of	  this	  analysis,	  which	  looked	  at	  the	  present	  value	  savings	  over	  the	  life	  of	  the	  
project	   as	   well	   as	   time	   taken	   to	   achieve	   cost	   parity	   with	   the	   diesel-­‐only	   system,	   are	  
presented	   in	  Table	  28	  -­‐	  Comparison	  of	  Real	  Interest	  Rates.	  It	   is	  worth	  pointing	  out	   that	  
for	  the	  minimum	  and	  maximum	  values	  to	  give	  the	  behaviour	  indicated,	  the	  real	  interest	  
rate	  would	  need	  to	  shift	  such	  that	  these	  extremes	  were	  average	  values	  over	  the	  life	  of	  
the	  project,	  not	  singular	  events	  occurring	  during	  that	  period.	  A	  comparison	  of	  the	  6.5%	  
case	  is	  given	  in	  Figure	  25	  -­‐	  Payback	  Period	  -­‐	  Real	  Interest	  Rate	  6.5%.	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Table	  28	  -­‐	  Comparison	  of	  Real	  Interest	  Rates	  
Comparison	  over	  real	  interest	  rates	  
Real	  Interest	  Rate	   1.00%	   5.30%	   6.50%	   8.10%	  
Significance	   20	  yr	  min	   20	  yr	  ave	   Current	   20	  yr	  max	  
Time	  Required	  for	  Cost	  Parity	   6	  yr	   7	  yr	   7	  yr	   8	  yr	  
Net	  Present	  Value	  of	  
PV/Diesel/Battery	  System	  (±	  $25,000)	   $439,460	   $385,227	   $375,595	   $362,282	  
Net	  Present	  Value	  of	  Diesel-­‐Only	  
System	   $1,400,750	   $874,080	   $780,539	   $651,245	  
Present	  Value	  Savings	  over	  life	  of	  




Figure	  24	  -­‐	  NPV	  Comparison	  -­‐	  Real	  Interest	  Rate	  6.5%	  
13.3 Payback	  Period	  
The	   payback	   period	   for	   the	   system	   is	   essentially	   the	   instance	   where	   cost	   parity	   is	  
reached,	  because	  the	  annual	  savings	  compared	  to	  the	  diesel-­‐only	  case	  can	  be	  considered	  
as	  income.	  This	  is	  presented	  in	  Table	  29	  -­‐	  Payback	  Period.	  Applying	  the	  ±	  $25,000	  on	  the	  
expected	  capital	  cost,	  the	  payback	  period	  at	  6.5%	  real	  interest,	  falls	  in	  the	  range	  of	  6.2	  –	  
7.0	   years.	   The	   case	   for	   $296,309	  at	   6.5%	   is	   presented	   in	  Figure	  25	  -­‐	  Payback	  Period	  -­‐	  
Real	  Interest	  Rate	  6.5%.	  
Table	  29	  -­‐	  Payback	  Period	  
System	   PV/Diesel/Batt	   Diesel	  Only	  
Initial	  Capital	  	   -­‐$296,309	   -­‐$10,560	  
Operating	  Cost	  ($/yr)	   -­‐$6,500	   -­‐$63,124	  
Profit	   $56,624	  












year	  0	   year	  5	   year	  10	   year	  15	   year	  20	   year	  25	  




Initial	  Capital	  -­‐25k	  
Initial	  Capital	  +25k	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Figure	  25	  -­‐	  Payback	  Period	  -­‐	  Real	  Interest	  Rate	  6.5%	  
It	   was	   also	   considered	   what	   the	   initial	   capital	   cost	   should	   be	   brought	   down	   to	   (via	  
government	  grants	  or	  similar)	  to	  reduce	  the	  payback	  period	  to	   five	  years	   for	  both	  the	  
current	  real	  interest	  rate	  (6.5%)	  and	  the	  average	  real	  interest	  rate	  over	  the	  past	  twenty	  
years	  (5.3%).	  These	  results	  are	  presented	  Table	  30	  -­‐	  Economics	  Summaries.	  	  
	  
It	   is	  quite	  possible	  this	  level	  of	  initial	  capital	  cost	  reduction	  could	  be	  achieved	  without	  
grants	   if	   further	   research	  was	  undertaken	   for	   cheaper	  goods	  and	   services	   and/or	   if	   a	  
large	   number	   of	   systems	  were	   commissioned	   simultaneously.	   One	   renewable	   energy	  
systems	  grant	  agency	  is	  ARENA,	  the	  Australian	  Renewable	  Energy	  Agency.	  [72]	  	  
	  	  
Table	  30	  -­‐	  Economics	  Summaries	  
Economics	  Summary	  (6.5%	  Real	  Interest	  Rate)	  
Initial	  Capital	   $271,309	   -­‐	   $321,309	  
Payback	  Period	  	   6.2	  yr	   -­‐	   7.0	  yr	  
Initial	  Capital	  Required	  for	  5	  yr	  payback	   $235,000	  
Present	  Value	  Savings	   $379,944	   -­‐	   $429,944	  
	  	  
Economics	  Summary	  (5.3%	  Real	  Interest	  Rate)	  
Initial	  Capital	   $271,309	   -­‐	   $321,309	  
Payback	  Period	   5.8	  yr	   -­‐	   6.7	  yr	  
Initial	  Capital	  Required	  for	  5	  yr	  payback	   $243,000	  
Present	  Value	  Savings	   $463,853	   -­‐	   $513,853	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14 Conclusion	  
	  
This	  thesis	  demonstrates	  that	  there	  is	  a	  strong	  argument	  for	  deploying	  solar	  power	  in	  
remote	   locations,	  which	  when	  deployed	  with	  battery	   storage	   and	   a	  backup	  generator	  
can	   be	  more	   reliable	   than	   a	   diesel-­‐only	   solution	   and	   far	   cheaper	   over	   the	   life	   of	   the	  
project.	  The	  expected	  payback	  period	  for	  the	  system	  was	  found	  to	  be	  six	  to	  eight	  years	  
depending	   on	   market	   conditions.	   While	   the	   thesis	   also	   demonstrates	   that	   hybrid	  
systems	  are	  complex	  and	  can	  requires	  specialist	  expertise,	  by	  offering	  a	  containerised	  
solution	  with	  online	  connectivity,	  the	  complexity	  is	  largely	  resolved	  for	  the	  customer.	  	  
	  
Assuming	  similar	  loads	  and	  climatic	  conditions,	  only	  slight	  adjustments	  would	  need	  to	  
be	  made	  between	  sites	  of	  deployment	  by	  the	  company	  commissioning	  the	  product.	  The	  
system	  could	  easily	  be	  adjusted	  for	  greater	  or	  smaller	  loads,	  since	  all	  of	  the	  components	  
used	  in	  this	  design	  come	  from	  selections	  with	  a	  wide	  range	  of	  models.	  The	  design	  is	  also	  
theoretically	  modular,	   in	   that	   little	  adjustment	  would	  be	  required	   to	  use	   two	  or	  more	  
containers	  side-­‐by-­‐side	  for	  significantly	  greater	  loads.	  The	  containerised	  solution	  in	  this	  
case	   was	   suitable	   for	   partly	   resolving	   the	   client’s	   concerns	   regarding	   theft	   and	  
vandalism	  but	  also	  ensures	  deployment	  would	  be	  logistically	  straightforward	  as	  freight	  
companies’	  deal	  with	  shipping	  containers	  on	  a	  daily	  basis.	  
	  
Going	  into	  the	  future,	  it	  is	  not	  expected	  that	  liquid	  fuels	  such	  as	  diesel	  will	  ever	  reduce	  
in	   price	   because	   effectively,	   supply	   cannot	   replenish	   and	   globally	   energy	   use	   is	   still	  
increasing	  almost	  every	  year.	  [73]	  [74]	  While	  renewable	  biofuels	  are	  being	  made,	  these	  
products	  are	  still	  in	  their	  infancy	  and	  are	  not	  yet	  cost	  competitive	  with	  fossil	  fuels.	  [75]	  
In	   the	   case	   of	   remote	   locations	   such	   as	   family	   outstations	   around	  Wadeye,	   the	   issues	  
surrounding	   fuel	   transportation	   access	   and	   costs	   would	   not	   be	   resolved	   by	   biofuels	  
even	  if	  they	  were	  to	  become	  accessible	  and	  affordable.	  	  
	  
It	   is	   also	   unlikely	   that	   locations	   such	   as	   these	   would	   ever	   be	   connected	   to	   a	   main	  
electricity	   grid.	   Rob	   Stobbe,	   the	   CEO	   of	   SA	   power	   Networks	   remarked	   in	   2014	   that	  
centralised	   generation	   and	   transmission	  may	  become	   redundant	   over	   time.	   This	   is	   in	  
context	   with	   utility	   operators	   like	   Western	   Power,	   SA	   Power	   Networks	   and	   Ergon	  
Energy	   already	   seeking	   to	  displace	   some	   fringe	  of	   grid	   connections	   in	   favour	   of	   solar	  
and	   batteries.	   [76]	   Western	   Power	   calls	   this	   the	   Energy	   Edge	   Trial	   Project.	   [77]	   It	  
recently	  emerged	  that	  third	  parties	  may	  be	  invited	  to	  tender	  for	  offgrid	  and	  edge	  of	  grid	  
scenarios	   in	  WA	  where	   transmission	   costs	  would	   be	   costly,	   since	   this	   is	   not	  Western	  
Powers	  core-­‐business.	  [78]	  	  
	  
All	  things	  considered,	   it	  seems	  highly	  possible	  that	  solar	  and	  battery	  solutions	  such	  as	  
the	   one	   described	   in	   this	   thesis	   could	   become	   the	   power	   source	   of	   choice	   in	   remote	  
locations	  soon	  and	  for	  the	  foreseeable	  future.	  	  
	   	  
	   59	  
15 Appendices	  
15.1 Appendix	  4	  –	  Fuel	  Price	  Escalation	  Rate	  vs.	  Inflation	  Rate	  
The	   closest	   location	   to	   Wadeye	   found	   with	   historical	   fuel	   prices,	   was	   the	   Kimberly	  
region	   of	   WA,	   approximately	   500	   km	   away.	   The	   prices	   are	   from	   2001	   to	   2014.	   The	  
source	  offered	  monthly	  increments	  of	  average	  prices	  expressed	  in	  cents	  per	  litre.	  [79]	  
This	  data	  was	  exported	  to	  Excel.	  The	  process	  used	  to	  calculate	  an	  escalation	  rate	  from	  
the	  monthly	  data,	  was	  to	  set	  up	  equation:	  	  
! = !!!×  !  	  
where	  	  
N	  =	  the	  fuel	  price	  for	  a	  particular	  month	  
N-­‐1	  =	  the	  fuel	  price	  for	  the	  preceding	  month	  
E	  =	  the	  monthly	  escalation	  rate	  
This	  initially	  required	  using	  an	  arbitrary	  starting	  value	  (N-­‐1)	  and	  escalation	  rate	  (E)	  and	  
placing	  the	  results	  of	  the	  equation	  alongside	  the	  historical	  data.	  The	  solver	  function	  in	  
Excel	   was	   then	   used	   to	   minimise	   the	   sum	   of	   the	   error	   squared	   (R2)	   between	   the	  
equation	   values	   and	   the	   actual	   values	   by	   altering	   the	   starting	   value	   (N-­‐1)	   and	   the	  
escalation	   rate	   (E).	   The	   fuel	   escalation	   rate	   which	   minimised	   the	   error	   squared	   was	  
3.98%.	  Figure	  26	  -­‐	  Diesel	  Fuel	  Price	  and	  Escalation	  Rate	  Curve	  depicts	  the	  equation	  data	  
against	  the	  historical	  data.	  
 
Figure	  26	  -­‐	  Diesel	  Fuel	  Price	  and	  Escalation	  Rate	  Curve 
Finding	  historical	  information	  on	  inflation	  rates	  in	  Australia	  was	  more	  straightforward.	  
The	  rate	  at	  the	  time	  of	  writing	  was	  3%	  and	  the	  mean	  value,	  calculated	  over	  the	  previous	  
thirteen	  years	  was	  2.89%.	  [80]	  [81]	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Conclusively	   there	   is	   some	  difference	  between	   these	   two	   trends.	  The	  diesel	   fuel	  price	  
escalated	  1.09%	  per	   annum	   faster	   than	   inflation	   over	   the	   same	   thirteen	   year	   term.	   If	  
applied	  over	  25	  years,	  this	  results	  in	  an	  average	  price	  over	  that	  term	  of	  $3.04/L.	  Since	  
fuel	  price	  escalation	  cannot	  be	  entered	  into	  HOMER,	  $3.04/L	  was	  regarded	  as	  the	  best	  
approximation	   of	   fuel	   prices	   over	   the	   life	   of	   the	   project.	   This	   result	   is	   presented	   in	  
Figure	  27	   -­‐	  Calculation	  of	  Average	  Price.	   The	   process	   described	   in	   this	   section	   can	   be	  
reviewed	  in	  Appendix	  4	  (ii)	  –	  Fuel	  Price	  Escalation	  Spreadsheet.	  
	  
Figure	  27	  -­‐	  Calculation	  of	  Average	  Price	  
15.2 Appendix	  8	  –	  Panel	  Orientation	  Selection	  
	  
The	  orientation	  of	   the	  panels	   can	  be	   separated	   into	   two	  design	   choices:	   the	   tilt	   angle	  
and	  the	  azimuth	  angle.	  The	  azimuth	  angle	  in	  Australia	  is	  defined	  as	  the	  angle	  by	  which	  
the	  orientation	  deviates	  from	  true	  North	  in	  an	  easterly	  direction.	  [82]	  The	  tilt,	  describes	  
the	  angle	  between	  the	  panel	  and	  the	  ground.	  It	  is	  commonly	  stated	  that	  to	  maximise	  the	  
annual	  output	  of	  a	  solar	  array,	  the	  ideal	  orientation	  is	  an	  equator-­‐facing	  array	  tilted	  at	  
the	   latitude	  angle.	  This	  recommended	  tilt	  angle	  occasionally	  deviates	   to	  accommodate	  
the	  season	  in	  which	  peak-­‐load	  is	  expected.	  [83]	  
	  
While	   the	   conventional	   advice	   is	   generally	   appropriate	   for	   maximising	   the	   annual	  
generation	  of	  the	  system,	  it	  does	  not	  necessarily	  best	  match	  the	  resource	  to	  the	  load,	  or	  
lead	   to	   the	   best	   results	   in	   any	   individual	   month.	   For	   a	   North-­‐facing	   installation	   in	  
Wadeye,	  a	  surface	  meteorology	  and	  solar	  energy	  website	  from	  NASA	  suggests	  that	  with	  
the	  tilt	  set	  at	  the	  latitude	  angle	  (14	  degrees)	  the	  worst	  month	  would	  be	  February.	  [39]	  
This	   is	   shown	   in	   Table	   31	   -­‐	   Parameters	   for	   Tilted	   Solar	   Panels	   at	   Wadeye.	   This	   also	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shows	  that	  the	  generation	  in	  February	  would	  improve	  with	  a	  horizontal	  orientation,	  but	  
the	  tilt	  angle	  should	  never	  be	  less	  than	  10o	  to	  ensure	  adequate	  self-­‐cleaning.	  [34]	  
	  
Table	  31	  -­‐	  Parameters	  for	  Tilted	  Solar	  Panels	  at	  Wadeye	  [39]	  
Lat	  -­‐14.23	  
Lon	  129.52	   Jan	   Feb	   Mar	   Apr	   May	   Jun	  
	  	  
	  	  
K	   0.51	   0.51	   0.58	   0.64	   0.68	   0.69	   	  	  
Diffuse	   2.41	   2.39	   2	   1.5	   1.09	   0.95	   	  	  
Direct	   4.94	   4.63	   5.76	   6.76	   7.43	   7.51	   	  	  
Tilt	  0	   5.73	   5.56	   5.91	   5.84	   5.49	   5.18	   	  	  
Tilt	  14	   5.78	   5.4	   5.96	   6.24	   6.23	   6.06	   	  	  
Tilt	  29	   5.56	   5	   5.73	   6.35	   6.68	   6.66	   	  	  
	   Jul	   Aug	   Sep	   Oct	   Nov	   Dec	  
Annual	  
Average	  
K	   0.7	   0.69	   0.69	   0.65	   0.62	   0.54	   0.62	  
Diffuse	   0.97	   1.15	   1.44	   1.84	   2.08	   2.34	   1.68	  
Direct	   7.69	   7.79	   7.82	   7.34	   6.99	   5.49	   6.69	  
Tilt	  0	   5.4	   6	   6.67	   6.89	   6.83	   6.01	   5.96	  
Tilt	  14	   6.23	   6.6	   6.9	   6.75	   6.87	   6.1	   6.27	  
Tilt	  29	   6.79	   6.89	   6.79	   6.27	   6.58	   5.91	   6.27	  
	  
	  
To	  gain	   insight	   into	  what	   factors	  contribute	   to	  February	  being	   the	  worst	  solar	  month,	  
the	  sun	  paths	  at	  Wadeye	  were	  analysed.	  The	  use	  of	  a	  website	  called	  SunCalc.net	  allowed	  
the	   suns	   daily	   trajectory	   to	   be	   explored	   at	   different	   sites	   and	   different	   times	   of	   year.	  
Analysis	  of	  Wadeye	  in	  February,	  suggested	  that	  the	  sun	  would	  position	  behind	  the	  array	  
in	   February,	   because	   of	   Wadeye’s	   close	   proximity	   to	   the	   equator.	   [84]	   This	   made	   it	  
worth	  considering	  if	  alternative	  orientations	  would	  lead	  to	  better	  results.	  
	  
It	  was	  also	  worth	  analysing	  other	  weather	  events	  which	  could	  contribute	   to	  February	  
being	   the	   worst	   month.	   The	   same	   NASA	   website	   suggested	   that	   both	   the	   heaviest	  
rainfall	  and	  the	  lowest	  clearness	  anually	  at	  Wadeye	  occurs	  in	  February	  (see	  Table	  32	  –	  
Monthly	  Averaged	  Precipitation	  and	  Clearness	  at	  Wadeye).	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Table	  32	  –	  Monthly	  Averaged	  Precipitation	  and	  Clearness	  at	  Wadeye	  [39]	  
Lat	  -­‐14.23,	  Lon	  129.52	   Jan	   Feb	   Mar	   Apr	   May	   Jun	  
	  	  
	  	  
Monthly	  Average	  Precipitation	  
(mm/day)	   9.3	   10.1	   6.18	   2.24	   0.43	   0.19	  
	  	  
	  	  
Monthly	  Average	  Insolation	  
Normalised	  Clearness	  Index	  (0	  to	  1.0)	   0.47	   0.46	   0.53	   0.58	   0.62	   0.63	  
	  	  
	  	  
	  	   Jul	   Aug	   Sep	   Oct	   Nov	   Dec	   Annual	  Average	  
Monthly	  Average	  Precipitation	  
(mm/day)	   0.13	   0.08	   0.19	   1.18	   3.08	   6.96	   3.31	  
Monthly	  Average	  Insolation	  
Normalised	  Clearness	  Index	  (0	  to	  1.0)	   0.64	   0.63	   0.63	   0.59	   0.57	   0.49	   0.57	  
	  
	  
One	  tool	  capable	  of	  assessing	  array	  orientations	  on	  a	  monthly,	  or	  even	  hourly	  basis,	   is	  
the	  software	  PVsyst.	  The	  process	  undertaken	  in	  PVsyst,	  was	  to	  model	  the	  output	  (MWh	  
per	  month)	  with	   azimuth	   set	   at	   45	   degree	   intervals:	   North,	   North	  West,	  West,	   South	  
West,	   South,	   South	  East,	  East,	  North	  East,	   using	   tilts	  of	  20	  and	  10	  degrees	   for	   sixteen	  
orientations	   in	   total.	   This	   data	  was	   exported	   and	   graphed.	   It	   is	   visible	   in	   Figure	  28	   -­‐	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Figure	  29	  -­‐	  Monthly	  Output	  at	  10	  degrees	  Tilt,	  Wadeye	  	  
While	  this	  analysis	  showed	  a	  wide	  range	  of	  values	  for	  most	  months,	  February	  appears	  
to	   differ	   little	   with	   each	   orientation	   considered.	   This	   suggests	   the	   poor	   output	   in	  
February	   cannot	   be	   overcome	   by	   adjusting	   panel	   orientation.	   The	   single	   orientation	  
which	   gave	   the	   best	   output	   in	   February	   was	   South	   East,	   	   which	   would	   result	   in	  
dramatically	  worse	  output	  at	  other	  months.	  
	  
Since	  the	  point	  was	  to	  optimise	  the	  ‘worst’	  month,	  the	  excel	  solver	  function	  was	  used	  to	  
adjust	   the	  sixteen	  orientations	  and	  devise	  an	  “optimum”	  array	   for	  best	   ‘worst	  month’.	  
The	   process	   produced	   the	   array	   combination	  with	   the	   highest	  minimum	  month	   (still	  
February).	  This	  optimum	  array	  was	  20%	  Northeast,	  50%	  East,	  20%	  Southwest	  and	  10%	  
North,	  all	  at	  the	  10	  degree	  tilt.	  Even	  with	  this	  impractical	  combination,	  the	  gains	  would	  
be	  minimal,	  (0.9%)	  when	  compared	  to	  a	  ten	  degrees,	  North-­‐facing	  system.	  This	  process	  
can	  be	  explored	  in	  Appendix	  9	  –	  Orientation	  Comparison	  Spreadsheet.	  	  
	  
Conclusively	  the	  best	  option	  for	  bettering	  the	  output	  in	  February	  would	  be	  to	  oversize	  
the	  array.	  This	  was	  done	  manually	  by	  using	   the	  Peak	  Sun	  Hours	  (PSH)	  of	  February	   in	  
the	  array	  sizing,	  though	  of	  course	  in	  the	  modelling,	  a	  profile	  was	  used	  for	  both	  load	  and	  
solar	   resource.	   The	   array	   used	   in	   the	   modelling	   and	   the	   proposed	   system,	   is	   North-­‐
facing	  at	  a	  tilt	  of	  ten	  degrees.	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15.3 Appendix	  10	  –	  HOMER	  Modelling	  
15.3.1 Calculation	  of	  Generator	  Maintenance	  Costs	  
The	   cost	   of	   an	   annual	   major	   overhaul	   service	   is	   given	   as	   $1,360/year.	   The	   cost	   of	  
fortnighly	   maintenance	   is	   given	   as	   $630/event	   which	   works	   out	   to	   $16,380/year.	  
Therefore	  the	  total	  maintenance	  costs	  are	  $17,740/year.	  
	  
In	  terms	  of	  operating	  hours,	   there	  are	  8,760	  hours	   in	  a	  year	  and	  the	  system	  would	  be	  
offline	   for	   four	  hours	  each	   fortnightly	  maintenance	   (104	  hours/year)	  and	  eight	  hours	  
each	   annual	   maintenance	   (8	   hours/year).	   Therefore	   the	   total	   operating	   hours	   are	  	  
[8760	  –	  104	  –	  8]	  =	  8,648	  hours.	  
	  
Based	  on	  this,	  the	  maintenance	  costs	  are:	  	  
	  
$17,740/[8,648	  operating	  hours]	  
=	  $2.05/operating	  hour	  
	  
The	  values	  used	  in	  this	  calculation	  are	  from	  emails	  exchanged	  between	  Mr	  Tranter	  and	  
the	  client,	  presented	  below:	  
	  
******************************************************************************************	  
From	  Jeremy	  Tranter,	  Sep	  23,	  2013: 
	  
“Hi	  Peter…regarding	  the	  operations	  and	  maintenance	  of	  the	  gensets	  at	  the	  outstations	  -­‐	  
can	  you	  please	  provide	  comment	  on	  the	  following	  assumptions…	  Diesel	  Fuel	  Costs	  -­‐	  we	  saw	  
in	  Wadeye	  that	  the	  Diesel	  pump	  price	  was	  ~$2.70/L	  -­‐	  is	  this	  the	  figure	  we	  should	  use…?	  
	  	  
Genset	  maintenance	  costs	  -­‐	  you	  advised	  that	  periodic	  maintenance	  was	  conducted	  (or	  
supposed	  to	  be	  conducted)	  every	  2	  weeks	  on	  the	  gensets…	  we	  would	  assume	  that	  genset	  
maintenance	  would	  take	  ~4	  hours	  on	  average	  per	  machine.	  We	  assume	  a	  rate	  of	  
$120/hour	  for	  a	  tradesperson	  and	  a	  vehicle	  -­‐	  plus	  fluids/parts	  and	  oil	  disposal	  $150	  -­‐	  this	  
equates	  to	  $630	  per	  event	  -­‐	  does	  this	  seem	  accurate	  to	  you?	  
	  	  
We	  would	  also	  assume	  an	  annual	  major	  overhaul	  service	  -­‐	  this	  would	  be	  estimated	  at	  1	  
day	  (8	  hours)	  -­‐	  plus	  $400	  for	  fluids/parts	  and	  oil	  disposal.	  This	  equates	  to	  $1360	  per	  year	  
per	  machine	  -­‐	  again	  is	  this	  reasonable?	  Are	  there	  other	  costs	  additional	  to	  this	  that	  we	  
should	  include…?”	  
******************************************************************************************	  
From	  Peter	  Curwen-­‐Walker,	  Nov	  5,	  2013: 
	  
“Hi	  Jeremy…the	  assumptions	  you	  have	  made	  appear	  reasonable	  to	  me.	  There	  is	  no	  
discount	  for	  fuel,	  so	  $2.70	  per	  litre	  is	  the	  cost.	  Estimates	  of	  servicing	  costs	  appear	  accurate.	  
Repairs	  /	  replacement	  due	  to	  damage	  is	  an	  issue	  for	  us	  but	  I	  have	  no	  data	  regarding	  these	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15.3.2 HOMER	  Modelling	  Inputs	  
15.3.2.1 Diesel	  Generator	  
The	  Yederr	  system	  is	  currently	  supplied	  by	  a	  single	  16	  kW	  diesel	  generator.	  With	  diesel	  
generators,	  there	  is	  typically	  a	  low	  capital	  cost	  but	  a	  high	  running	  cost.	  A	  good	  strategy	  
can	  be	  to	  include	  a	  diesel	  generator	  for	  system	  reliability,	  but	  design	  with	  the	  intention	  
of	   running	   it	   sparingly.	   In	   this	   case,	   this	   means	   making	   sure	   the	   generator	   is	   large	  
enough	   to	   supply	   the	   load	   autonomously	   regardless	   of	   whether	   or	   not	   the	   HOMER	  
modelling	   suggests	   a	   smaller	   generator	   would	   better	   suit	   the	   system.	   The	  modelling	  
allowed	  assessment	  of	  other	  generator	  sizes:	  16	  kW,	  17	  kW,	  18	  kW,	  19	  kW	  and	  20	  kW.	  If	  
the	  ideal	  size	  had	  been	  found	  to	  be	  20	  kW,	  larger	  sizes	  would	  also	  have	  been	  tested.	  	  
	  
The	  diesel	  maintenance	   cost	   value	  used	   is	   $2.05/operating	  hour.	  While	   the	  operating	  
cost	  has	  been	  calculated	  based	  on	  information	  from	  the	  client,	  the	  decision	  was	  made	  to	  
apply	  sensitivity	  on	   this	  value	  as	  well,	   to	  explore	   the	  effect	   less	  or	  more	  maintenance	  
cost	  would	  have	  on	  system	  component	  sizing.	  Sensitivities	  were	  applied	  as	  ratios	  0.25,	  
0.5,	  0.75	  and	  1.25	  to	  observe	  the	  effect	  this	  would	  have	  on	  sizing	  and	  NPC.	  
	  
Lifetime	  operating	  hours	  were	  left	  with	  the	  default	  150,000	  hours.	  	  
	  
With	  regard	  to	  the	  minimum	  load	  ratio,	  diesel	  generators	  are	  inefficient	  when	  they	  are	  
significantly	   under-­‐loaded	   and	   this	   also	   leads	   to	   premature	  wear	   of	   the	   generator.	   In	  
applications	  employing	  multiple	  generators	  used	  semi-­‐continuously,	  a	  good	  choice	   for	  
this	  figure	  would	  typically	  be	  above	  50%,	  ideally	  not	  less	  than	  30%.	  [85]	  [86]	  For	  this	  
application	   however,	   the	   minimum	   load	   ratio	   was	   set	   as	   1%	   because	   Mr	   Tranter	  
indicated	   that	   the	   Sunny	   Island	   inverter	   does	   not	   have	   the	   capacity	   to	   set	  minimum	  
generator	   loading	   when	   only	   one	   is	   installed.	   The	   fuel	   inefficiency	   and	   potential	  
premature	  wear	  is	  not	  expected	  to	  be	  a	  problem	  in	  this	  case,	  since	  the	  generator	  would	  
only	  be	  used	  a	  few	  times	  per	  year.	  	  
	  
It	   is	   also	   important	   to	  note	   that	  diesel	   generator	   loading	   is	   impacted	  by	   the	   choice	  of	  
dispatch	   strategy,	   offered	   in	   HOMER	   as	   ‘cycle-­‐charging’	   or	   ‘load-­‐following’.	   For	   ‘cycle	  
charging’,	  the	  generator	  would	  be	  set	  to	  run	  between	  control	  set	  points	  of	  battery	  state	  
of	   charge	   and	   the	   generator	   would	   run	   almost	   exclusively	   at	   rated	   output.	   For	   ‘load	  
following’,	   the	   generator	   would	   be	   engaged	   only	   in	   situations	   where	   no	   power	   was	  
available	  to	  meet	  the	  load	  from	  the	  battery	  bank	  or	  PV	  and	  the	  generator	  would	  make	  
no	   attempt	   to	   charge	   the	   battery	   bank,	   potentially	   resulting	   in	   continuous	   under-­‐
loading,	  though	  less	  fuel	  consumption.	  Homer	  does	  not	  consider	  the	  negative	  impacts	  of	  
generator	  start/stops	  or	  batteries	  remaining	  at	  a	  low	  state	  of	  charge	  for	  long	  periods	  of	  
time.	  [87]	  This	  is	  a	  good	  reason	  to	  be	  wary	  of	  using	  the	  ‘load	  following’	  strategy.	  
	  
According	   to	  Mr	  Tranter,	  with	  Sunny	   Island	   inverters,	  both	  dispatch	  strategies	  can	  be	  
employed	   simultaneously,	   though	   this	   cannot	   be	  modelled	   in	  HOMER.	   It	  was	   decided	  
that	  ‘cycle	  charging’	  would	  better	  match	  the	  actual	  generator	  behaviour	  so	  this	  strategy	  
was	  chosen.	  Figure	  30	  –	  HOMER,	  Diesel	  Generator	  Inputs	  shows	  these	  inputs.	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Figure	  30	  –	  HOMER,	  Diesel	  Generator	  Inputs	  
	  
15.3.2.2 Fuel	  Efficiency	  
The	  fuel	  curve	  for	  the	  generator	  was	  calculated	  by	  HOMER	  based	  on	  specifications	  for	  
the	   two	   models	   quoted.	   These	   are	   provided	   in	   Table	   33	   -­‐	   Diesel	   Generators	   Fuel	  
Consumption.	  Figure	  31	  –	  HOMER,	  Diesel	  Fuel	  Efficiency	  for	  GX20	  Generator	  shows	  these	  
inputs	   into	  HOMER	  for	   the	  winning	  model,	   the	  GX20.	  While	   the	  GK20	  model	  certainly	  
has	  superior	  fuel	  efficiency,	  the	  generator	  is	  used	  so	  infrequently,	  that	  this	  did	  not	  result	  
in	  a	  lower	  NPC	  over	  the	  life	  of	  the	  system.	  This	  was	  the	  basis	  for	  choosing	  the	  GX20.	  
	  
Table	  33	  -­‐	  Diesel	  Generators	  Fuel	  Consumption	  
Brand	   Kubots	   Powerlink	  
Model	   GK20	   GX20	  
Size	   16	  kW	   16	  kW	  
Price	   $11,900	   $8,000	  
Fuel	  consumption	  at	  100%	   4.0	  L	   4.5	  L	  
Fuel	  consumption	  at	  75%	   3.2	  L	   3.7	  L	  
Fuel	  consumption	  at	  50%	   2.4	  L	   2.6	  L	  
	   67	  
	  
	  
Figure	  31	  –	  HOMER,	  Diesel	  Fuel	  Efficiency	  for	  GX20	  Generator	  
	  
15.3.2.3 Fuel	  Price	  
Over	   the	   past	   thirteen	   years,	   1.09%	   difference	   was	   observed	   between	   the	   fuel	   price	  
escalation	  and	  the	  inflation	  rate	  (See	  Appendix	  4	  –	  Fuel	  Price	  Escalation	  Rate	  vs.	  Inflation	  
Rate).	  When	  applied,	   the	  average	  price	  over	   the	  25	  year	   term	  was	  $3.04/L.	  The	  other	  
values	  which	  were	  considered	  were	  $2.65/L,	  $2.82/L	  and	  $3.21/L,	   the	  average	  values	  
which	  would	  be	  observed	  if	  the	  difference	  between	  escalation	  and	  inflation	  became	  0%,	  
0.5%	  or	  1.5%	  respectively	  over	  the	  25	  year	  project	  life.	  
15.3.2.4 Real	  Interest	  Rate	  (Discount	  Rate)	  
Real	   interest	   rate	   is	   the	   lending	   interest	   rate	   adjusted	   for	   inflation.	   It	   can	   fluctuate	  
wildly	   and	   can	   be	   negative	   in	   instances	   where	   the	   inflation	   rate	   is	   greater	   than	   the	  
nominal	   interest	  rate.	  The	   last	   time	  this	  happened	   in	  Australia	  was	   in	   the	  1970’s.	  The	  
real	   interest	   rate	   at	   the	   time	   of	  writing	  was	   found	   to	   be	   6.5%	   in	   Australia	   using	   the	  
recent	  period	  2009	   -­‐	   2013.	   [71]	  Based	  on	   current	   and	  historic	   results,	   the	   sensitivity	  
analysis	   tested	   in	  HOMER	  includes	  real	   interest	  rates	  of	  0%,	  5%,	  6.5%	  10%	  and	  15%.	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Figure	  32	  –	  HOMER,	  Real	  Interest	  Rates	  Sensitivity	  Analysis	  
15.3.2.5 Fixed	  Capital	  Cost	  
The	   fixed	   capital	   cost	   of	   $86,200	   has	   been	   estimated	   based	   on	   recommendations/	  
estimates	  from	  Mr	  Tranter.	  The	  breakdown	  of	  these	  costs	  is	  provided	  in	  Table	  34	  -­‐	  Fixed	  
Capital	  Cost.	  It	  is	  important	  to	  note	  that	  when	  assessing	  the	  diesel	  only	  system,	  much	  of	  
these	   fixed	   capital	   costs	   would	   not	   apply.	   The	   system	   fixed	   annual	   Operation	   and	  
Maintenance	  cost	  (O&M)	  has	  been	  entered	  as	  $2,000	  to	  cover	  inspections,	  cleaning	  and	  
maintenance.	  This	  figure	  was	  estimated	  as	  1%	  of	  the	  capital	  cost	  of	  the	  system.	  Project	  
life	  of	  25	  years	  has	  been	  based	  on	  the	  known	  output	  of	  the	  panels	  over	  that	  period	  of	  
time	  and	  the	  likely	  second-­‐time	  replacement	  of	  batteries,	  inverters	  and	  air	  conditioners.	  
The	  capacity	  shortage	  penalty	  which	  would	  not	  apply	  in	  this	  scenario	  has	  been	  left	  as	  0.	  
These	   values	   are	   shown	   in	   Figure	   33	   –HOMER,	   	   Economic	   Inputs.	   These	   are	   not	   the	  
values	   which	   were	   used	   in	   the	   final	   economic	   analysis	   as	   they	   were	   found	   to	   be	   an	  
underestimation.	  
	  
Table	  34	  -­‐	  Fixed	  Capital	  Cost	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Figure	  33	  –HOMER,	  	  Economic	  Inputs	  
15.3.2.6 PV	  
The	  PV	  model,	   chosen	   prior	   to	   the	  modelling	  was	   the	   Jinko	   270	  W,	   JKM270PP-­‐60.	   In	  
HOMER,	   the	   task	   was	   to	   appropriately	   size	   the	   PV	   array.	   Options	   were	   entered	   into	  
HOMER	  as	  540	  W	  increments	  (270	  W	  x	  2)	  ranging	  from	  13.5	  kW	  (50	  panels)	  to	  27	  kW	  
(100	   panels).	   If	   the	   optimisation	   suggested	   the	   highest	   or	   lowest	   option	   be	   used,	   the	  
search	   space	   would	   have	   been	   adjusted.	   The	   price	   used	   for	   a	   Watt,	   was	   based	   on	  
$2.37/W	  plus	  $0.28/W	  for	  the	  inverter	  cost	  =	  $2.65/W.	  It	  was	  necessary	  to	  include	  the	  
solar	   inverter	   cost	   and	   efficiency	   in	   the	   PV	   calculation	   as	   HOMER	   did	   not	   have	   a	  
separate	  section	  for	  this	  inverter.	  	  
	  
The	   derating	   factor	   used	   in	   HOMER	   excludes	   the	   thermal	   effect	   which	   is	   calculated	  
separately,	  but	  it	  does	  include	  the	  efficiency	  of	  the	  solar	  inverter.	  The	  resulting	  deration	  
using	   the	   inverter	   European	   weighted	   efficiency	   (98.0%)	   and	   the	   deration	   from	  
dirt/dust	  (95.5%)	  gives	  a	  combined	  deration	  of	  93.6%.	  No	  deration	  for	  manufacturers	  
tolerance	  was	  used	  because	  the	  panels	  are	  positively	  rated.	  
	  
The	  orientation	  was	  set	  to	  10	  degrees	  (see	  Appendix	  8	  –	  Panel	  Orientation	  Selection).	  All	  
other	   information	   was	   taken	   from	   the	   datasheets	   (see	   Appendix	   3	   –	   Component	  
Datasheets).	  A	  screenshot	  of	  how	  this	  was	  entered	  is	  provided	  in	  Figure	  34	  –	  HOMER,	  PV	  
Inputs.	  The	  value	  for	  ground	  reflectance	  was	  left	  as	  the	  recommended	  value,	  20%.	  The	  
25	  year	  panel	  life	  was	  based	  on	  the	  output	  specified	  in	  the	  panel	  datasheets.	  While	  the	  
panels	  can	  be	  expected	  to	  last	  longer	  than	  this,	  25	  years	  is	  also	  the	  project	  life.	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Figure	  34	  –	  HOMER,	  PV	  Inputs	  
15.3.2.7 Battery	  Inputs	  
The	  preliminary	  study	  to	  choose	  a	  battery	  was	  based	  on	  the	  limitation	  of	  which	  options	  
could	  connect	  to	  the	  Sunny	  Island	  inverter	  (lead	  acid	  only),	  and	  which	  options	  required	  
no	   regular	   maintenance	   (VRLA	   but	   not	   flooded).	   This	   was	   followed	   by	   examining	  
manufacturer	  options	  as	   to	  whether	  or	  not	   they	  offered	  a	  suitable	  battery	  size	   for	   the	  
system	  based	  on	  the	  sizing	  equation	  under	  AS4509.2	  -­‐	  3.4.7.3.	  [34]	  While	  battery	  banks	  
can	   employ	   multiple	   strings	   to	   increase	   storage	   capacity,	   the	   recommendation	   from	  
many	  manufacturers	   is	   to	  not	  exceed	  3	  -­‐	  4	  strings	  because	  of	  consequences	  of	  voltage	  
mismatching	  due	  to	  unequal	  string	  resistances.	  [88]	  [89]	  Battery	  options	  which	  would	  
have	   required	   more	   than	   3	   strings	   were	   disregarded.	   This	   recommendation	   was	  
repeated	  in	  AS4509	  –	  Stand	  Alone	  Power	  Systems	  Part	  2:	  System	  Design,	  which	  specified	  
number	  of	  parallel	  strings	  should	  be	  kept	  to	  a	  minimum.	  [34]	  
	  
The	  options	  considered,	  were	  the	  entire	  range	  of	  BAE,	  VRLA	  2	  V	  batteries	  and	  then	  2	  V	  
VRLA	  batteries	   from	  Sonnenschein	  and	  SunGel	  which	  were	  similar	  sizes	   to	   those	  BAE	  
options	  which	  won	  on	  NPC	  cost	  and	  hours	  of	  autonomy.	  Each	  battery	  was	  entered	  into	  
HOMER	  as	   its	  own	  model,	   including	   life	  cycle	  and	  capacity	  curves.	  Costs	  were	  entered	  
based	   on	  what	   had	   been	   indicated	   in	   supplier	   quotes	   or	   price	   lists.	   An	   example	   of	   a	  
battery	  modelled	  is	  supplied	  in	  Figure	  35	  –	  HOMER,	  Selecting	  a	  Battery	  Model,	  with	  the	  
performance	  data	  showcased	   in	  Figure	  36	  –	  HOMER,	  Performance	  Data	  for	  BAE	  12	  PVV	  
1800	  Battery.	  The	  data	  sheet	  on	  this	  battery,	  which	  has	  been	  selected	  as	  the	  ideal	  model	  
is	  included	  in	  Appendix	  3	  –	  Component	  Datasheets.	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Figure	  35	  –	  HOMER,	  Selecting	  a	  Battery	  Model	  
	  
	  
Figure	  36	  –	  HOMER,	  Performance	  Data	  for	  BAE	  12	  PVV	  1800	  Battery	  
Minimum	   state	   of	   charge	   was	   set	   to	   40%	   for	   all	   models	   tested	   to	   help	   ensure	   good	  
battery	   life.	   This	   would	   then	   become	   the	   point	   at	   which	   the	   diesel	   generator	   would	  
switch	  on	  to	  charge	  the	  batteries	  to	  the	  specified	  set	  point.	  Initial	  state	  of	  charge	  was	  set	  
as	  75%.	  Typically	  the	  system	  would	  be	  charged	  fully	  before	  deployment	  but	  the	  charge	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does	   drop	   even	   in	   float	   operation.	   The	  minimum	   battery	   life	   has	   been	   chosen	   as	   13	  
years	  to	  avoid	  the	  scenario	  where	  the	  batteries	  would	  need	  replacing	  more	  than	  once	  
over	   the	   life	   of	   the	   project.	   In	   reality,	   the	   batteries	   may	   not	   last	   this	   long,	   because	  
HOMER	   is	   not	   considering	   the	   life	   cycle	   consequences	   of	   being	   at	   a	   partial	   state	   of	  
charge,	  but	  the	  expectation	  is	  that	  the	  batteries	  would	  perform	  worse	  after	  this	  period	  
of	  time	  rather	  than	  not	  at	  all.	  One	  of	  the	  things	  which	  can	  extend	  battery	  life	  is	  ensuring	  
the	  batteries	  get	  a	  full	  charge	  at	  regular	  intervals	  via	  diesel	  if	  necessary.	  This	  would	  be	  
included	  in	  the	  commissioning	  to	  ideally	  extend	  the	  battery	  life	  to	  at	  least	  13	  years.	  
15.3.2.8 Load	  
The	  load	  inputs	  were	  entered	  based	  on	  the	  profiles	  estimated	  in	  the	  energy	  audit.	  These	  
are	  shown	  in	  Figure	  37	  –	  HOMER,	  load	  profile	  September	  to	  May	  and	  Figure	  38	  –	  HOMER,	  
load	  profile	  June	  to	  August.	  
	  
	  
Figure	  37	  –	  HOMER,	  load	  profile	  September	  to	  May	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Figure	  38	  –	  HOMER,	  load	  profile	  June	  to	  August	  
15.3.2.9 Converter	  
The	   converter	   inputs	   are	   for	   the	   three	   Sunny	   Island	   units.	   HOMER	   did	   not	   offer	   a	  
separate	   section	   for	  PV	   inverters	  and	  so	   those	  costs	  and	  efficiencies	  were	   included	   in	  
the	   PV	   price.	  Figure	  39	  –	  HOMER,	  Converter	   Inputs	   shows	   how	   the	   converter	   settings	  
were	   entered	   into	   HOMER.	   Alternative	   sizes	   were	   not	   considered	   and	   the	   price	   was	  
based	  on	  a	  distributor	  price	  list.	  The	  efficiency	  value	  chosen	  was	  92%	  which	  is	  based	  on	  
peak	   load	  efficiency.	  95%	  could	  have	  been	  used	  (maximum	  efficiency)	  but	   that	  would	  
risk	   undersizing	   other	   components.	   Ideally	   HOMER	   would	   have	   offered	   inputs	   for	  
inverter	  efficiency	  curves.	  Other	  values	   such	  as	   the	   lifetime	  of	   the	   inverter	   (15	  years)	  
and	  the	  rectifier	  capacity	  (100%)	  were	  left	  at	  their	  standard	  values.	  
	  
	  
Figure	  39	  –	  HOMER,	  Converter	  Inputs	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15.3.2.10 	  Solar	  Resource	  and	  Temperature	  Data	  
The	   solar	   resource	   data	   was	   uploaded	   directly	   from	   the	   NASA	   website	   through	   the	  
HOMER	  program.	  Figure	  40	  –	  HOMER,	  solar	  resource	  input,	   is	  a	  screenshot	  of	   the	  solar	  
resource	   input.	   Similarly	   for	   the	   temperature	   data,	   HOMER	   was	   able	   to	   import	   data	  
directly	  from	  the	  NASA	  website.	  These	  values	  as	  they	  were	  entered	  are	  shown	  in	  Figure	  
41	  –	  HOMER,	  Temperature	  Input.	  
	  
	  
Figure	  40	  –	  HOMER,	  solar	  resource	  input	  
	  
	  
Figure	  41	  –	  HOMER,	  Temperature	  Input	  
15.3.2.11 	  System	  Control	  Inputs	  
The	  simulation	  step	  time	  was	  left	  as	  the	  default	  60	  minutes.	  The	  dispatch	  strategy	  was	  
set	  as	  cycle	  charging	  to	  best	  model	  how	  the	  system	  would	  be	  set	  up	  in	  practice,	  with	  a	  
70%	  set	   point	   state	   of	   charge	   as	   shown	   in	  Figure	  42	  –	  HOMER,	  System	  Control	   Inputs.	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Having	  a	  high	  set	  point	  state	  of	  charge	  could	  lead	  to	  better	  equipment	  use/life	  and	  less	  
frequent	   start/stops	   but	   the	   compromise	   is	   greater	   and	   potentially	   wasteful	   fuel	  
consumption,	   since	   too	   high	   a	   set	   point	   could	   result	   in	   the	   generator	   running	   during	  
sunshine	  hours.	  For	  this	  reason,	  a	  sensitivity	  analysis	  was	  conducted	  based	  on	  charging	  
to	  set	  points	  60%,	  70%	  and	  80%	  of	  capacity.	  	  
	  
	  
Figure	  42	  –	  HOMER,	  System	  Control	  Inputs	  
15.3.2.12 	  Constraints	  
Maximum	   annual	   capacity	   shortage:	   This	   value	   was	   set	   as	   0.55%	  which	   relates	   to	   a	  
capacity	   shortage	   occurring	   for	   48	   hours	   in	   each	   year.	   This	   would	   be	   a	   much	   more	  
reliable	  power	  system	  than	  the	  one	  currently	  installed.	  A	  minimum	  renewable	  fraction	  
was	  left	  as	  0%,	  though	  the	  operating	  reserve	  was	  set	  at	  10%	  for	  the	  time	  step	  (hourly)	  
and	  20%	  annually	  to	  allow	  for	  some	  load	  growth	  over	  the	   life	  of	   the	  project.	  The	   load	  
profile	   also	   includes	   a	   15%	   day-­‐to-­‐day	   variability	   and	   a	   20%	   time	   step-­‐to-­‐time	   step	  
variability	   to	   cover	   daily	   changes.	   Operating	   reserve	   should	   not	   affect	   this	   system	  
because	  it	  includes	  battery	  storage,	  but	  the	  default	  setting	  of	  25%	  was	  kept	  with	  a	  0%	  
sensitivity	  to	  confirm	  this.	  These	  inputs	  are	  viewable	  in	  Figure	  43	  –	  HOMER,	  Constraints.	  
	  
	  
Figure	  43	  –	  HOMER,	  Constraints	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15.3.3 Sensitivity	  Analyses	  
15.3.3.1 Real	  Interest	  Rate	  	  
It	  is	  important	  to	  view	  the	  effect	  different	  real	  interest	  rates	  have	  on	  a	  project	  to	  ensure	  
economic	   feasibility	   is	  not	  dependent	  on	   financial	   conditions	  going	  unchanged.	  Figure	  
44	  -­‐	  Real	  Interest	  Rate	  vs.	  NPC,	  shows	  the	  effect	  the	  real	  interest	  rate	  would	  have	  on	  the	  
NPC	  of	  the	  system	  designed	  vs.	  the	  diesel	  only	  case.	  The	  diesel	  fuel	  price	  here	  has	  been	  
set	   to	   the	   current	  value	  of	   $2.65/L	  which	  makes	   it	   conservative.	  The	   range	  examined	  
below	  has	  come	  from	  Australia’s	  historical	  real	  interest	  rates	  dating	  back	  to	  1978.	  Prior	  
to	  this	  period	  the	  real	  interest	  actually	  ventured	  below	  0%,	  but	  this	  has	  been	  excluded	  
because	  it	  is	  not	  needed	  to	  illustrate	  the	  point	  of	  the	  comparison.	  [71]	  
	  
	  
Figure	  44	  -­‐	  Real	  Interest	  Rate	  vs.	  NPC	  
What	  Figure	  44	  -­‐	  Real	  Interest	  Rate	  vs.	  NPC	  illustrates,	  is	  that	  along	  with	  having	  a	  much	  
lower	   NPC	   over	   the	  wide	   range	   explored,	   the	   PV/Diesel/Battery	   systems	   NPC	  would	  
fluctuate	  far	  less	  in	  varying	  market	  conditions.	  
15.3.3.2 Operating	  Reserve	  for	  Solar	  
This	  sensitivity	  had	  no	  impact	  on	  the	  system	  modelled	  with	  batteries.	  Clearly	  operating	  
reserve	  is	  considered	  unnecessary	  for	  systems	  with	  storage.	  
15.3.3.3 Diesel	  Generator	  Dispatch	  Strategy	  
While	   the	   case	   has	   already	   been	   made	   that	   ‘cycle	   charging’	   should	   be	   the	   dispatch	  
strategy	  for	  the	  generator,	  it	  was	  also	  necessary	  to	  explore	  what	  the	  charging	  set	  point	  
should	   be	   when	   the	   diesel	   is	   engaged.	   The	   main	   idea	   with	   this,	   is	   that	   frequent	  
start/stops	  are	  not	  good	  for	  diesel	  generators	  so	  the	  generator	  should	  have	  a	  specified	  
minimum	  run	  time	  when	  it	  is	  engaged.	  On	  the	  other	  hand,	  if	  the	  generator	  is	  allowed	  to	  
completely	   charge	   the	   batteries,	   this	   can	   create	   the	   situation	  where	   the	   generator	   is	  
running	  while	  PV	  generation	  is	  also	  available.	  This	  implies	  that	  the	  generator	  would	  run	  
under-­‐loaded	  and	  perhaps	  unnecessarily.	  	  
	  
The	  sensitivity	  analysis	  was	  conducted	  on	  charging	  the	  batteries	  to	  60%,	  70%	  and	  80%.	  
In	   each	   case	   the	   generator	  would	   be	   engaged	   if	   the	   battery	   bank	   reduced	   to	   40%	   of	  
storage	   capacity.	  The	   results	   are	  presented	   in	  Table	  35	  -­‐	  Charging	  Set	  Point	  Sensitivity	  
	  $-­‐	  	  	  	  
	  $500,000.00	  	  
	  $1,000,000.00	  	  
	  $1,500,000.00	  	  
	  $2,000,000.00	  	  
	  $2,500,000.00	  	  










Real	  Interest	  Rate	  
Real	  Interest	  Rate	  vs.	  NPC	  
Diesel	  Only	  
PV/Diesel/Battery	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Analysis.	  Because	  HOMER	  only	  anticipates	  the	  generator	  being	  required	  a	  few	  times	  per	  
year,	  the	  set	  point	  did	  not	  have	  a	  significant	  effect	  on	  operating	  hours	  or	  fuel	  consumed.	  
	  
Table	  35	  -­‐	  Charging	  Set	  Point	  Sensitivity	  Analysis	  
Charging	  Set	  





60%	   $259,588	   $0.794/kWh	   192	  L	   52	  h	  
70%	   $261,372	   $0.800/kWh	   235	  L	   60	  h	  
80%	   $263,998	   $0.808/kWh	   289	  L	   82	  h	  
	  
The	  actual	  operating	  data	   can	  be	  viewed	   in	  greater	  detail	  because	  HOMER	  allows	   the	  
annual	  activity	  of	  each	  component	  to	  be	  viewed.	  What	  is	  shown	  in	  Figure	  45	  –	  HOMER,	  
Diesel	  Generator	  60%	  Set	  Point,	  Figure	  46	  –	  HOMER,	  Diesel	  Generator	  70%	  Set	  Point	  and	  
Figure	  47	  –	  HOMER,	  Diesel	  Generator	  80%	  Set	  Point,	   is	   that	  with	  a	  higher	  set	  point,	   the	  
generator	  runs	   longer	  as	  expected,	  but	  also	  runs	  at	  partial	   loading	  towards	  the	  end	  of	  
the	   charge.	  This	   is	  because	   the	  diesel	   competes	  with	  available	  PV	  generation	  at	   these	  
points.	  	  
	  
For	  the	  60%	  and	  70%	  case,	  the	  generator	  appears	  to	  run	  only	  outside	  of	  daylight	  hours	  
and	   almost	   exclusively	   at	   rated	   output,	   which	   fits	   better	   with	   this	   application.	   In	   all	  
cases	  there	  were	  very	  few	  starts	  per	  year.	  Figure	  47	  –	  HOMER,	  Diesel	  Generator	  80%	  Set	  
Point	  shows	  the	  generator	  would	  in	  many	  cases	  run	  at	  partial	  loading	  which	  is	  not	  ideal.	  
60%	  -­‐	  70%	  is	  therefore	  regarded	  as	  the	  ideal	  charging	  set	  point	  range	  for	  the	  generator.	  
This	   is	  another	  example	  of	  a	  parameter	  which	  could	  be	  modified	  at	  a	   later	  date	   if	   the	  
actual	  behaviour	  were	  different	  to	  the	  modelling.	  
	  
	  
Figure	  45	  –	  HOMER,	  Diesel	  Generator	  60%	  Set	  Point	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Figure	  46	  –	  HOMER,	  Diesel	  Generator	  70%	  Set	  Point	  
	  
	  
Figure	  47	  –	  HOMER,	  Diesel	  Generator	  80%	  Set	  Point	  
15.3.3.4 Diesel	  Generator	  Operation	  and	  Maintenance	  Costs	  
The	  O&M	  costs	  of	   the	  diesel	  generator	  were	  calculated	  as	  $2.05/operating	  hour,	  but	  a	  
sensitivity	   analysis	   was	   also	   conducted	   based	   on	   ratios	   of	   0.5,	   0.75	   and	   1.25	   being	  
applied	  on	   this	   figure.	   In	  each	  case,	   the	   fuel	  price	  was	   left	  as	  $3.04/L.	  The	  results	  are	  
presented	   in	  Table	  36	   -­‐	  Generator	  Operation	  and	  Maintenance	  Costs.	  Across	   the	   range	  
explored,	  a	  smaller	  array	  is	  not	  suggested	  and	  so	  generator	  O&M	  costs	  are	  not	  regarded	  
as	  a	  significant	  contributor	  to	  components	  selection.	  	  
	  
Table	  36	  -­‐	  Generator	  Operation	  and	  Maintenance	  Costs	  
Gen	  O&M	  $/Op	  Hour	   PV	  (kW)	   NPC	  
Diesel	  
(L)	   Gen	  (h)	  
1.02	   20.52	   $260,625	   235	   60	  
1.53	   20.52	   $260,998	   235	   60	  
2.05	   20.52	   $261,372	   235	   60	  
2.56	   20.52	   $261,745	   235	   60	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15.3.3.5 Fuel	  Price	  
The	  sensitivity	  on	  fuel	  price	  indicated	  that	  over	  the	  range	  explored,	  the	  array	  size	  and	  
fuel	   consumption	   would	   not	   change,	   so	   fuel	   price	   can	   be	   said	   to	   have	   no	   significant	  
influence	  on	  component	  selection.	  These	  results	  are	  presented	   in	  Table	  37	  -­‐	  Fuel	  Price	  
Sensitivity	  Analysis.	  	  
	  




Size	   NPC	  
Fuel	  
Consumption	  
$2.65/L	   20.52	  kW	   $260,256	   235	  L	  
$2.82/L	   20.52	  kW	   $260,742	   235	  L	  
$3.04/L	   20.52	  kW	   $261,372	   235	  L	  




	   	  
	   80	  
15.4 Appendix	  11	  –	  CAD	  General	  Arrangement	  
	  
15.4.1 Internal	  Wall	  Elevation,	  Switchboards	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15.4.2 Internal	  Wall	  Elevation,	  Batteries	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15.4.3 Internal	  Wall	  Elevation,	  Inverters	  
	   83	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15.5 Appendix	  12	  –	  CAD,	  Electrical	  Communications	  and	  Control	  
15.5.1 Communications	  and	  Control	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15.5.2 Electrical,	  Container	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15.5.3 Electrical,	  Array	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15.6 Appendix	  14	  –	  Air	  Conditioner	  Sizing	  and	  Selection	  
15.6.1 Oversizing	  Air	  Conditioners	  
Some	   potential	   consequences	   of	   oversizing	   air	   conditioner	   are	   reported	   in	   a	   US	  
Department	  of	  Energy	  document.	  The	  document	  suggests	  an	  oversized	  air	  conditioner	  
could	   ‘short-­‐cycle’	  which	  would	   lower	  efficiency,	  strain	   the	  device	  and	  might	   invoke	  a	  
build-­‐up	   of	   moisture.	   As	   such,	   the	   recommendation	   is	   to	   not	   use	   safety	   factors	   or	  
historical	   extreme	  conditions.	   [90]	   It	  was	  decided	   that	   these	   risks	  have	   limited	   scope	  
with	  modern	   inverter	  based	  air	   conditioners,	  which	  have	  a	  wide	  operating	   range	  and	  
can	  be	  programmed	  for	  minimum	  cycle	  run	  times.	  [91]	  In	  any	  case,	  a	  model	  with	  a	  low	  
minimum	  loading	  would	  clearly	  be	  advantageous	  and	  this	  is	  considered	  in	  the	  selection.	  	  
15.6.2 Energy	  Efficiency	  Ratio	  
Another	   important	   factor	   with	   air	   conditioners	   is	   the	   Energy	   Efficiency	   Ratio	   (EER)	  
which	   specifies	   the	   electrical	   energy	   required	   to	  move	   an	   amount	   of	   thermal	   energy.	  
[91]	  On	  first	  inspection,	  most	  of	  the	  smaller	  units	  have	  a	  higher	  EER,	  but	  this	  is	  because	  
the	  declared	  EER	   is	  based	  on	  rated	  output.	   It	  was	   found	  that	  many	   larger	  models	  had	  
higher	   ratios	   at	   part-­‐load	   output	   than	   at	   rated	   output.	   For	   example	   the	   Fujitsu	  
ASTG18MCA	  5.0	  kW	  model	  is	  rated	  to	  5000	  W	  and	  would	  consume	  1220	  W	  of	  electrical	  
energy	  to	  move	  this	  amount	  of	  heat.	  The	  EER	  at	  rated	  is	  therefore:	  
	  
5000  !  (!ℎ!"#$%)
1,220  !  (!"!#$%&#'") = 4.1	  
	  
This	  particular	  model	  has	  a	  cooling	  range	  of	  1	  kW	  to	  6.5	  kW.	  The	  input	  range	  is	  given	  as	  
210	  W	  to	  2,200	  W	  meaning	  the	  EER	  is	  4.8	  at	  1	  kW	  and	  3.0	  at	  6.5	  kW.	  These	  values	  are	  
presented	  in	  Figure	  48	  -­‐	  EER	  -­‐	  Fujitsu	  Model	  Comparison	  along	  with	  the	  performance	  of	  
the	  two	  smaller	  models	  in	  the	  same	  design	  class.	  The	  two	  smaller	  models	  have	  a	  slightly	  
lower	  minimum	  but	  a	  lower	  EER	  at	  minimum,	  compared	  to	  the	  5	  kW	  model.	  [92]	  
	  
	  
Figure	  48	  -­‐	  EER	  -­‐	  Fujitsu	  Model	  Comparison	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15.6.3 Control	  and	  Duty	  Standby	  
The	  model	  must	  also	  be	  able	  to	  integrate	  with	  a	  controller	  or	  have	  its	  own.	  In	  order	  to	  
improve	  unit	   lifespan	  and	  system	  reliability,	  two	  units	  would	  be	  installed	  operating	  in	  
weekly	  duty	  standby	  rotations.	  With	  a	  controller,	  advanced	  operation	  procedures	  could	  
be	  programmed.	  For	  example	  the	  two	  units	  could	  work	  in	  unison	  if	  ever	  required.	  The	  
controller	   would	   also	   provide	   an	   alert	   if	   one	   of	   the	   units	   failed,	   allowing	   quick	  
deployment	  of	  a	  replacement	  unit.	  
15.6.4 Air	  Conditioner	  Model	  Selection	  
The	   model	   recommended	   by	   Gary	   Deverall	   of	   Carseldine	   Air	   Conditioning,	   	   was	   the	  
Mitsubishi	  Electric	  MSZ-­‐GE60VAD	  which	  is	  a	  6	  kW	  rated	  system	  with	  a	  1.5	  kW	  -­‐	  7.5	  kW	  
range	  and	  an	  EER	  at	  rated	  of	  3.41	  [59].	  It	  was	  suggested	  to	  Mr	  Deverall	  that	  this	  unit	  is	  
oversized.	   When	   the	   general	   arrangement	   section	   was	   undertaken,	   it	   also	   became	  
apparent	   that	   there	   was	   not	   enough	   horizontal	   space	   to	   mount	   this	   model	   in	   the	  
intended	  location.	  The	  model	  was	  disregarded.	  It	  was	  then	  discovered	  that	  the	  Fujitsu	  
models	   depicted	   in	   Figure	   48	   -­‐	   EER	   -­‐	   Fujitsu	  Model	   Comparison,	   cannot	   be	   integrated	  
with	  a	  controller	  so	  these	  too	  were	  regarded	  as	  unsuitable.	  	  
	  
The	   model	   currently	   considered	   the	   best	   choice	   for	   this	   system	   is	   the	   FTXZ35NV1B	  
model	  from	  Daikin’s	  US7	  range.	  This	  model	  has	  a	  rated	  capacity	  of	  3.5	  kW	  (cooling)	  but	  
a	  range	  of	  0.6	  kW	  –	  5.3	  kW	  which	  gives	  it	  the	  lowest	  minimum	  of	  the	  models	  considered	  
while	  still	  having	  an	  adequate	  maximum	  to	  cover	  the	  anticipated	  peak	  cooling	  load.	  This	  
model	   has	   a	   high	   EER	   at	   rated	   of	   5.15	   which	   is	   also	   superior	   to	   the	   other	   models	  
considered.	  Figure	  49	  -­‐	  Daikin	  US7,	  3.5	  kW	  ERR,	  depicts	  the	  EER	  across	  the	  entire	  cooling	  
range.	  The	  information	  used	  for	  this	  chart	  was	  sourced	  from	  the	  “Engineers	  data”	  which	  
was	  provided	  by	  a	  supplier.	  [93]	  
	  
	  
Figure	  49	  -­‐	  Daikin	  US7,	  3.5	  kW	  ERR	  
The	  dimensions	  of	   the	  unit	   are	   suitable	   for	   the	   intended	   location.	  This	   information	   is	  
presented	  in	  Table	  38	  -­‐	  Daikin	  US7	  Range.	  The	  model	  has	  the	  capacity	  to	  integrate	  with	  
Daikin’s	   BRP072A42	  wireless	   LAN	   adapter	   for	   internet	   control	   and	   interestingly	   can	  
perform	  ventilation	  which	  may	  mean	  the	  ventilation	  fans	  described	  in	  this	  section	  are	  
not	  necessary	  for	  compliance	  with	  AS4086	  –	  Secondary	  batteries	  for	  use	  with	  stand-­‐alone	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Table	  38	  -­‐	  Daikin	  US7	  Range	  [93]	  
Indoor	  Unit	   FTXZ35NV1B	  
Outdoor	  Unit	   RXZ35NV1B	  
Rated	  Capacity	  Cooling	  (kW)	   3.5	  
Capacity	  Range	  (kW)	   0.6	  -­‐	  5.3	  
Power	  Input	  Cooling	  at	  Rated	  (kW)	   0.68	  
Dimensions	  Indoor	  (HxWxD)	   295	  x	  798	  x	  372	  
Dimensions	  Outdoor	  (HxWxD)	   693	  x	  795	  x	  300	  
	  
15.7 Appendix	  25	  –	  Economics	  
15.7.1 Initial	  Capital	  Estimated	  Costs	  
Appendix	  26	  -­‐	  Economics	  Spreadsheet,	  provides	  a	  cost	  summary	  of	  all	  of	  the	  components.	  
Within	   this	   summary,	   there	   is	  more	   than	   $50,000	   of	   allocated	   funds	   (marked	   in	   red)	  
which	  are	  estimates	   rather	   than	  qoutes.	  These	  estimates	  are	   commented	  on	  below	   to	  
give	  an	   idea	  of	   the	   level	  of	  certainty	   involved	  for	  each.	  Because	  of	   these	  uncertainties,	  
the	   initial	   capital	   and	   payback	   period	   are	   given	   over	   a	   range	   which	   considers	   the	  
estimated	  cost	  ±	  $25,000.	  It	  is	  expected	  this	  range	  sufficiently	  covers	  the	  uncertainties.	  
15.7.1.1 	  Balance	  of	  System	  
The	   balance	   of	   system	   has	   been	   left	   as	   $0.40/Wp	   on	   the	   DC	   side	   to	   cover	   circuit	  
protection,	  labelling,	  other	  small	  costs	  and	  all	  of	  the	  cabling	  except	  for	  the	  underground	  
three-­‐phase	   cable	   between	   the	   loads	   and	   the	   shipping	   container	   which	   is	   priced	  
separately.	  BOS	  came	  to	  $9072.	  
15.7.1.2 	  Construction	  Supervision	  
The	   construction	   supervision	   cost	   has	   been	   based	   on	   $1,650/day	  which	  was	   a	   quote	  
issued	  by	  Mr	  Tranter	   for	   two	  engineer	  supervisors.	  Based	  on	  a	  week-­‐long	   installation	  
this	  would	   come	   to	  $11,550.	  This	   value	  has	  been	  upgraded	   to	  $12,500	   to	   allow	  some	  
contingency,	  since	  seven	  days	  is	  itself	  an	  estimate.	  This	  figure	  would	  be	  adjusted	  prior	  
to	  commissioning	  based	  on	  time	  estimates	  from	  installers.	   Ideally	  a	  Gantt	  chart	  would	  
be	   used	   to	   determine	   which	   tasks	   could	   be	   undertaken	   simultaneously	   such	   that	  
installation	  time	  were	  minimised	  and	  quoted	  accurately.	  	  
15.7.1.3 	  Freight,	  Brisbane	  to	  Wadeye	  
This	   operation	   has	   been	   allocated	   a	   cost	   of	   $10,000.	   While	   two	   actual	   quotes	   were	  
sourced	   below	   this	   figure	   (see	   Appendix	   2	   –	   Component	   Quotes),	   the	   quotes	   were	  
upgraded	   since	   the	   final	   destination,	   Yederr,	   will	   be	  more	   difficult	   to	   deliver	   to	   than	  
Wadeye.	  Mr	  Fletcher	  indicated	  that	  at	  some	  spots,	  trees	  might	  need	  to	  be	  removed	  and	  
roads	  might	   need	   to	   be	  widened.	   This	   cost	   could	   also	   expand	   if	   it	  were	   decided	   that	  
some	  components	  such	  as	  the	  batteries	  and	  air	  conditioners,	  should	  be	  sent	  separately	  
either	   to	   keep	   the	   weight	   manageable	   or	   because	   the	   bumpy	   journey	   could	   cause	  
damage.	   Other	   scenarios	   are	   also	   possible	   such	   as	   having	   the	   batteries	   and	   diesel	  
generators	   installed	   in	  China	  and	  shipped	  to	  Wadeye	  directly,	  or	  alternatively	  a	  space	  
could	  be	  hired	  for	  component	  delivery	  and	  assembly	  in	  Darwin.	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15.7.1.4 	  Concrete	  Works	  
At	   this	   time	   concrete	   is	   considered	   for	   the	   earthing	   electrodes,	   but	   it	   is	   likely	   that	  
concrete	  would	  be	  the	  cheapest	  option	   for	   the	  array	  mounting	  structures	  as	  well.	  The	  
alternative	  would	  be	  a	  specialised	  machine	  which	  would	  ram	  or	  screw	  array	  mounting	  
poles	   directly	   into	   the	   earth.	   One	   source	   indicated	   concrete	   as	   the	   more	   expensive	  
option	   of	   the	   two,	   but	   this	   likely	   depends	   on	   the	   array	   size	   since	   the	   specialised	  
equipment	   would	   need	   to	   be	   hired	   and	   transported	   along	   with	   a	   human	   operator	  
trained	  in	  its	  use.	  Concrete	  requires	  little	  expertise	  and	  would	  be	  available	  locally	  so	  for	  
an	  array	  this	  small,	   it	   is	  expected	  to	  be	  the	  cheaper	  installation	  method.	  [94]	  The	  cost	  
assigned	  to	  this	  operation	  is	  $12,000	  which	  was	  a	  estimation	  from	  Mr	  Tranter.	  Further	  
research	  should	  be	  undertaken	  in	  conjunction	  with	  Clenergy	  Mounting	  to	  determine	  if	  
this	   cost	   allocation	   is	   appropriate	   and	   which	   installation	   method	   is	   expected	   to	   be	  
cheaper	  for	  Yederr.	  If	  the	  assumptions	  regarding	  concrete	  are	  correct,	  a	  quantity	  could	  
be	  estimated	  by	  Clenergy	  and	  local	  contractors	  would	  be	  contacted	  for	  quotes.	  	  
15.7.1.5 	  Other	  Freight,	  Labour,	  Travel,	  Accommodation	  
$10,000	   has	   been	   allocated	   for	   this	   category.	   This	  would	   cover	   the	   costs	   of	   all	   small	  
equipment	   freight	   to	   Brisbane,	   the	   PV	   and	  mounting	   structures	  which	  would	   be	   sent	  
directly	   to	   Yederr	   and	   all	   labour,	   travel	   and	   accommodation	   of	   third	   party	   installers	  
where	  this	  is	  not	  included.	  This	  cost	  would	  be	  optimised	  by	  using	  local	  labour/expertise	  
where	  available,	  a	  resource	  which	  the	  Victoria	  Daly	  Council	  would	  be	  well	  positioned	  to	  
advise	   on.	   It	   is	   likely	   the	   council	   employs	   its	   own	   labourers	  who	  may	   be	   suitable	   for	  
many	  of	  the	  tasks	  such	  as	  tree	  clearing	  and	  concrete	  works.	  
15.7.1.6 	  Engineering	  Design	  
A	  cost	  of	   $10,000	  has	   also	  been	   chosen	   to	  price	   the	   engineering	  design,	  which	  would	  
include	   those	   steps	   necessary	   for	   adapting	   the	   Yederr	   design	   case	   to	   other	   sites	   and	  
locations.	   This	   fee	   could	   cover	   a	   new	   energy	   audit,	   site	   inspection,	   solar	   resource	  
evaluation	  and	  any	  other	  operation	  necessary	  to	  adjust	  the	  design	  to	  the	  new	  site.	  	  
15.7.2 Initial	  Capital,	  Quoted	  Costs	  
The	  costs	  mentioned	  in	  this	  section	  have	  all	  come	  from	  actual	  quotations,	  though	  there	  
would	  still	  be	  scope	  to	  lower	  these	  costs,	  if	  components	  were	  purchased	  in	  bulk	  and	  if	  
further	   research	   was	   undertaken	   for	   cheaper	   products	   or	   suppliers.	   Uncertainties	   in	  
this	  range	  are	  included	  in	  the	  ±	  $25,000	  already	  allocated	  to	  the	  capital	  cost.	  
15.7.2.1 	  Small-­‐scale	  Technology	  Certificates	  (STCs)	  
At	   the	   time	  of	  writing,	   applications	   could	  be	   submitted	   to	   attain	  a	   rebate	  on	   installed	  
solar.	  The	  one	  used	   in	   this	   section	  was	  equated	  using	   the	  Greenbank	  website	  and	   the	  
size	   of	   the	   PV	   on	   the	   DC	   side.	   Using	   an	   installation	   date	   of	   1-­‐Jan-­‐2015,	   15	   years	   of	  
certificates	  were	  priced	  using	  the	  then-­‐current	  buyback	  price	  of	  $35.	  A	  system	  this	  size	  
was	  suggested	  to	  be	  worth	  522	  certificates	  which	  made	  the	  rebate	  for	  this	  solar	  system	  
$18,270.	  [95]	  Because	  this	  is	  a	  cost	  saving,	  it	  is	  presented	  in	  negative	  terms	  in	  Appendix	  
26	  -­‐	  Economics	  Spreadsheet.	  
15.7.2.2 	  PV	  
It	  was	  found	  with	  84	  panels	  the	  $/W	  value	  improved	  for	  mounting	  and	  fencing	  such	  that	  
the	   estimated	   cost	   for	   the	  PV	   array	  with	   installation,	  mounting	   and	   fencing	  would	  be	  
$71,070.	  This	  figure	  also	  includes	  the	  cost	  of	  the	  Sunny	  Tripower	  inverter.	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15.7.2.3 	  Ventilation	  Fans	  
A	  price	  was	   found	   for	   the	  PF	  1000	  ventilation	   fans	  as	  $173.75	  (inc.	  GST).	  Extra	   filters	  
could	  be	  purchased	  from	  the	  same	  retailer	  for	  $46.58.	  It	  was	  assumed	  that	  along	  with	  
the	   purchase	   of	   two	   units,	   four	   spare	   filters	  would	   be	   bought.	   The	   price	   is	   therefore	  
$533.82.	  [96]	  
15.7.2.4 	  Fire	  Extinguishers,	  Earthing	  Electrodes	  and	  Air	  Terminals	  
As	  these	  components	  are	  low	  cost,	  they	  could	  arguably	  be	  included	  under	  BOS.	  
	  
Suitable	   fire	   extinguishers	   were	   found	   with	   signs	   included	   for	   $49.	   The	   price	   is	  
therefore	  $157	  for	  three	  units	  which	  would	  include	  shipping.	  [97]	  
	  
For	   earthing	   electrodes,	   a	   1770	  mm	   long,	   19	  mm	   thick	   product	  was	   found	   for	   $16.5.	  
Therefore	  the	  price	  for	  two	  units	  is	  $33.	  [98]	  
	  
For	  air	   terminals,	   a	  price	  was	   found	   for	  $10	   -­‐	  $20	  USD.	  Using	  a	  price	  of	  $20	  AUD	  per	  
terminal,	  the	  price	  for	  two	  terminals	  is	  therefore	  $40.	  [99]	  
15.7.2.5 	  Low	  Voltage	  Underground	  Cable	  
While	  the	  bulk	  of	  the	  cabling	  is	  included	  under	  BOS,	  the	  underground	  three	  phase	  cable	  
is	  expensive	  owing	  to	  the	   long	  distance	  and	  thick	  cable	  size	  required.	  A	  suitable	  cable	  
was	  found	  with	  a	  range	  specified	  at	  10	  -­‐	  58.33	  $US/metre.	  Using	  the	  median	  price,	  this	  
came	  out	  to	  be	  after	  the	  exchange	  rate,	  $39.27/m	  which	  for	  150	  m	  is	  $5,891.	  This	  does	  
not	  include	  the	  cost	  of	  installing	  the	  cable	  which	  would	  be	  significant.	  [100]	  [101]	  
15.7.3 Summary	  of	  Initial	  Capital	  Costs	  
In	  HOMER,	  costs	  associated	  with	  the	  diesel	  generator,	   inverter-­‐chargers,	  batteries	  and	  
PV	  modules	  were	  entered	  into	  their	  own	  categories.	  These	  costs	  summed	  to	  $155,788.	  
As	   previously	   stated,	   the	   PV	   cost	   was	   entered	   inclusive	   of	   the	   mounting,	   fencing,	  
installation	  and	  PV	  inverter.	  The	  remaining	  costs	  were	  entered	  as	  a	  fixed	  capital	  cost	  in	  
the	  economics	  section.	  These	  remaining	  costs	  were	  found	  to	  sum	  to	  $140,521	  giving	  a	  
total	  of	  $296,309.	  A	  breakdown	  of	  these	  costs	  is	  in	  Appendix	  26	  -­‐	  Economics	  Spreadsheet.	  
15.7.4 Recalculating	  Operating	  Cost	  
For	  the	  annual	  costs	  it	  was	  considered	  that	  these	  should	  be	  updated	  based	  on	  the	  cost	  of	  
the	  monitoring	  as	   given	   in	  Appendix	  2	  –	  Component	  Quotes,	   $118/month.	  The	  original	  
price	  of	  $2000/annum	  was	  based	  on	  1%	  system	  cost	  when	  the	  expected	  system	  price	  
was	  $200,000.	  This	  fixed	  annual	  cost	  has	  therefore	  been	  increased	  to:	  	  
	  
!"#$%&  !"#$%  !&!  !"#$   $ =
$118
!"#$ℎ   ×  12  !"#$ℎ! +
$300,000
100 = $4416/!""#$	  
	  
This	  would	   include	  elements	   such	  as	   replacing	   the	   fan	   filters,	   inspecting	  and	  cleaning	  
the	  array	  and	  container	  components	  and	  testing	  the	  LPS.	  The	  costs	  associated	  with	  the	  
diesel	  generator	  and	  equipment	  replacement	  were	  calculated	  separately.	  	  	  
15.7.5 HOMER	  Economic	  Analysis,	  PV/Diesel/Battery	  
The	  design	   components	   and	   costs	  were	   all	   entered	   into	  HOMER	  which	   could	   then	  be	  
used	   to	   attain	   some	   insight	   into	   the	   economics	   over	   the	   life	   of	   the	   system.	   The	  
optimisation	   results	   are	   given	   in	   Figure	   50	   -­‐	   HOMER	   Economics,	   PV/Diesel/Battery	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Optimisation	  Results,	  which	  shows	  the	   initial	  capital	  costs	  as	  $296,309,	   the	  sum	  stated	  
previously.	  While	  costs	  for	  a	  diesel-­‐only	  system	  are	  presented	  here,	  they	  are	  not	  useful	  
as	  they	  include	  expenditure	  not	  relevant	  for	  the	  diesel-­‐only	  system.	  
	  
	  
Figure	  50	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Optimisation	  Results	  
It	  is	  worth	  noting	  that	  the	  operating	  costs	  are	  given	  as	  $6,144	  which	  is	  greater	  than	  the	  
calculated	   $4,416	  per	   year	   for	   annual	  maintenance.	  This	   large	  difference	   is	   not	   just	   a	  
result	  of	  the	  diesel	  fuel	  and	  generator	  maintenance,	  it	  also	  includes	  the	  cost	  of	  replacing	  
some	  of	  the	  components	  around	  the	  15th	  year.	  	  
	  
Given	  the	  indicated	  24	  hours	  of	  operation,	  the	  diesel	  maintenance	  cost	  is	  expected	  to	  be:	  	  
	  
24	  h	  x	  $2.05/h	  =	  $49	  
	  
Based	  on	  the	  stated	  94	  L	  of	  fuel	  consumed,	  the	  annual	  fuel	  cost	  would	  be:	  
	  
94	  L	  x	  $3.04/L	  =	  $286	  
	  
The	  annual	  costs	  associated	  with	  component	  replacement	  are	  therefore:	  	  
	  
$6,144	  –	  $4,416	  –	  $49	  –	  $286	  =	  $1,393	  
	  
The	   components	   which	   HOMER	   has	   modelled	   the	   replacement	   of,	   are	   the	   batteries	  
($43,525)	   and	   the	   Sunny	   Island	   Inverters	   ($16,125)	   both	   in	   the	   15th	   year.	   This	  
replacement	   should	   also	   at	   least	   include	   the	   air	   conditioners	   ($5,641),	   the	   Sunny	  
Tripower	   inverter	   ($3,829)	   and	   the	   ventilation	   fans	   ($534)	   which	   would	   also	   expire	  





$69,654   ∴ ! = $1,627	  
	  
To	  make	   a	   fair	   comparison	   with	   the	   diesel-­‐only	   case,	   the	   annual	   cost	   of	   this	   system	  
should	   be	   taken	   as	   at	   least	   $6,378.	   Therefore	   this	   value	   was	   upgraded	   to	   $6,500	   to	  
include	  the	  potential	  replacement	  of	  SPDs	  and	  other	  devices	  which	  could	  fail.	  	  
	  
The	  HOMER	  results	  are	  presented	  in:	  	  
	  
Figure	  51	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flow	  by	  Component,	  
Figure	  52	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flow	  by	  Cost	  Type,	  	  
Figure	  53	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flows	  by	  Component	  and	  	  
Figure	  54	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flows	  by	  Cost	  Type.	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These	  figures	  are	  useful	  to	  examine	  how	  future	  prices	  are	  discounted	  and	  how	  the	  other	  
costs	  are	  broken	  down.	  	  
	  
	  
Figure	  51	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flow	  by	  Component	  
	  
	  
Figure	  52	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flow	  by	  Cost	  Type	  
	  
	  
Figure	  53	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flows	  by	  Component	  
	   94	  
	  
	  
Figure	  54	  -­‐	  HOMER	  Economics,	  PV/Diesel/Battery	  Cash	  Flows	  by	  Cost	  Type	  
	  
15.7.6 HOMER	  Economic	  Analysis,	  Diesel-­‐Only	  
To	  evaluate	   the	  costs	  associated	  with	   the	  diesel-­‐only	  system	  properly,	  all	  of	   the	  other	  
costs	   and	   components	   were	   removed.	   This	   assumes	   the	   use	   of	   the	   existing	  
infrastructure	  and	  no	  upgrades.	  	  
	  
The	  costs	  surrounding	  this	  system	  are	  presented	  in:	  
	  
Figure	  55	  -­‐	  HOMER	  Economics,	  Diesel-­‐Only	  Optimisation	  Results,	  	  
Figure	  56	  -­‐	  HOMER	  Economics,	  Diesel-­‐Only	  Cash	  Flow	  Summary	  and	  	  
Figure	  57	  -­‐	  HOMER	  Economics,	  Diesel-­‐Only	  Cash	  Flow	  by	  Cost	  Type.	  
	  
	  
Figure	  55	  -­‐	  HOMER	  Economics,	  Diesel-­‐Only	  Optimisation	  Results	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Figure	  56	  -­‐	  HOMER	  Economics,	  Diesel-­‐Only	  Cash	  Flow	  Summary	  
	  
	  
Figure	  57	  -­‐	  HOMER	  Economics,	  Diesel-­‐Only	  Cash	  Flow	  by	  Cost	  Type	  
	  
15.7.7 Comparison	  of	  Diesel-­‐Only	  system	  and	  PV/Diesel/Battery	  System	  
Knowing	   the	   initial	   capital	   and	  annual	   costs	  of	   each	   system,	   a	  more	   in	  depth	  analysis	  
could	  be	  undertaken	   to	  calculate	   the	  payback	  period	  of	   the	  PV/Diesel/Battery	  system	  
and	   the	   cost	   savings	   over	   the	   life	   of	   the	   project	   in	   present	   value	   terms.	   These	  
evaluations	  are	  in	  Appendix	  26	  -­‐	  Economics	  Spreadsheet,	  which	  includes	  the	  components	  
cost	  summary,	  the	  real	   interest	  rates	  recorded	  in	  Australia	  over	  the	  past	  20	  years,	  the	  
NPV	  evaluation	  over	  different	  real	  interest	  rates	  and	  the	  calculated	  payback	  period.	  	  
15.7.7.1 	  NPV	  Comparison	  
Table	  39	  -­‐	  NPV	  Comparison	  using	  6.5%	  Real	  Interest	  Rate	  shows	  a	  comparison	  of	  the	  NPV	  
over	  the	  life	  of	  the	  project.	  The	  PV/Diesel/Battery	  system	  reaches	  cost	  parity	  with	  the	  
diesel-­‐only	  system	  after	  6	  -­‐	  8	  years	  depending	  on	  the	  adjustments	  to	  the	  initial	  capital.	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Assuming	   the	   $296,309	  were	   the	   correct	   price,	   the	   saving	   over	   the	   life	   of	   the	   system	  
would	  be	  $404,944.	  This	  uses	  the	  real	  interest	  rate	  (discount	  rate)	  of	  6.5%	  as	  recorded	  
by	  the	  world	  bank	  for	  2013.	  [71]	  	  
	  
Table	  39	  -­‐	  NPV	  Comparison	  using	  6.5%	  Real	  Interest	  Rate	  
System	   PV/Diesel/Batt	  
Diesel	  Only	  
(New)	  
Calculated	  Initial	  Capital	   $296,309	  ±	  $25,000	   $10,560	  
Operating	  Cost	  ($/yr)	   $6,500	   $63,124	  
Real	  Interest	  Rate	   0.065	  
Saving	  With	  System	   $404,944	  ±	  $25,000	  
Year	   Initial	  Capital	  -­‐25k	   Initial	  Capital	  
Initial	  Capital	  
+25k	   Diesel	  System	  
year	  0	   $271,309	   $296,309	   $321,309	   $10,560	  
year	  1	   $277,412	   $302,412	   $327,412	   $69,831	  
year	  2	   $283,143	   $308,143	   $333,143	   $125,485	  
year	  3	   $288,524	   $313,524	   $338,524	   $177,742	  
year	  4	   $293,577	   $318,577	   $343,577	   $226,810	  
year	  5	   $298,321	   $323,321	   $348,321	   $272,883	  
year	  6	   $302,776	   $327,776	   $352,776	   $316,144	  
year	  7	   $306,958	   $331,958	   $356,958	   $356,765	  
year	  8	   $310,886	   $335,886	   $360,886	   $394,906	  
year	  9	   $314,574	   $339,574	   $364,574	   $430,720	  
year	  10	   $318,036	   $343,036	   $368,036	   $464,348	  
year	  11	   $321,288	   $346,288	   $371,288	   $495,923	  
year	  12	   $324,341	   $349,341	   $374,341	   $525,571	  
year	  13	   $327,207	   $352,207	   $377,207	   $553,410	  
year	  14	   $329,899	   $354,899	   $379,899	   $579,550	  
year	  15	   $332,426	   $357,426	   $382,426	   $604,094	  
year	  16	   $334,799	   $359,799	   $384,799	   $627,140	  
year	  17	   $337,028	   $362,028	   $387,028	   $648,780	  
year	  18	   $339,120	   $364,120	   $389,120	   $669,099	  
year	  19	   $341,085	   $366,085	   $391,085	   $688,178	  
year	  20	   $342,929	   $367,929	   $392,929	   $706,092	  
year	  21	   $344,661	   $369,661	   $394,661	   $722,913	  
year	  22	   $346,288	   $371,288	   $396,288	   $738,708	  
year	  23	   $347,815	   $372,815	   $397,815	   $753,538	  
year	  24	   $349,249	   $374,249	   $399,249	   $767,463	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